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Abstract 
The marine environment is highly variable, both spatially and temporally. This 
heterogeneity is linked to variations of oceanographic and climate parameters 
(e.g. ocean currents, winds or sea-surface temperatures) that affect prey 
distribution and abundance. Consequently, marine top predators should select 
specific habitats to increase probability of finding resources. Therefore, it is vital 
to understand mechanisms that top predators use to find and consume food under 
different environmental conditions, as well as how this environmental variability 
influences life history traits of these predators (e.g. breeding effort).  
South-eastern Australia hosts the greatest diversity, abundance and biomass of 
seabirds on the continent, with more than 20 millions individuals estimated to 
breed in this region. Large colonies of little penguins (Eudyptula minor) (inshore 
forager) and short-tailed shearwaters (Puffinus tenuirostris) (offshore forager) are 
found in the region of Bass Strait where both species play a major role in the 
marine ecosystem. Understanding the foraging responses of sympatric species and 
how this influence their reproductive performance is crucial in the context of 
climate change, which is predicted to have a strong impact on the oceanography 
of the region. Consequently, changes in foraging parameters were used as bio-
indicators of ecological changes in the feeding grounds exploited by both species 
and their respective reproductive success was monitored over three consecutive 
breeding seasons. 
Little penguins were found to associate with each other when foraging at sea. 
This result suggests that they forage in groups and could synchronize their diving 
behaviour, potentially to concentrate small schooling prey such as pilchards or 
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anchovies. Their foraging behaviour was affected by environmental variations at 
various spatial scales (e.g. local wind direction, regional upwelling and ocean-
scale events such as El Niño Southern Oscillation). Furthermore, variations in 
their foraging effort were reflected in their reproductive outcomes with 
individuals not being able to maintain high breeding success during years with 
poorer environmental conditions.  
Short-tailed shearwaters showed substantial inter-individual variations when 
performing short foraging trips with some birds exploiting the continental shelf-
edge while others foraged on the shelf close to the coast. During longer trips,  
individuals forage in the Southern Ocean to apparently restore their body 
condition. These long foraging trips are likely to enable them to exploit highly 
productive areas located at a great distance from their breeding grounds and to 
access potential prey resources in order to buffer local environmental 
stochasticity. Concurrently, lower breeding performances were observed in years 
with lower local food availability and were associated with longer foraging trips 
to distant oceanic waters.  
Flexibility in foraging strategies may represent an important mechanism 
enabling little penguins and short-tailed shearwaters to cope with highly dynamic 
ecosystems and provide a buffer against spatial and temporal changes in prey 
availability over the breeding period. While breeding little penguins may be able 
to adjust their foraging strategies according to short-term variations in prey 
distribution and availability, their restricted foraging range make them potentially 
less resilient to environmental changes than short-tailed shearwaters that can 
disperse over greater ranges. However, under poor environmental conditions, 
limits in flexibility means that individuals are not able to successfully reproduce 
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by altering their foraging behaviour. In the future, this could negatively impact 
population dynamics in the context of regional and global climate change.  
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“No one is free, even birds are chained to the sky.” – Bob Dylan
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1.1. Life-history traits and environmental variability 
 The distribution and abundance of organisms fluctuate in relation to 
environmental conditions that affect them. Life-history traits are obvious 
candidates for examining the relationship between species characteristics and 
environmental variability (Stearns 1992). It requires understanding how 
organisms utilize their environment (Begon et al. 1996), and specifically how 
fluctuation in resources availability influences the quantity of energy acquired that 
will be allocated to three basic functions: growth, reproduction and self-
maintenance. Energy allocated to one of these functions will not be available for 
other functions. Thus, putting energy into growth, which may enhance survival, 
will decrease the energy available for reproduction, and vice versa (Erikstad et al. 
1998).  
 Consequently, “trade-offs” in energy allocation have emerged between the 
different processes, leading to what is referred to as r-K selection (Stearns 1992). 
Individuals may favour either reproduction or self-maintenance at the expense of 
the other. Species occurring in environments favouring rapid population growth 
are predicted to evolve traits resulting in early sexual maturity, many small young, 
a short life and large reproductive effort (r-selected, MacArthur & Wilson 
(1967)). In contrast, in highly variable environments, selection may favour long-
lived species that display a low fecundity and a fixed level of investment in young 
(K-selected) in order to maximize their own survival because it is the most 
important parameter influencing population dynamics (Gaillard et al. 2000). This 
suite of life history traits generally buffers such species from environmental 
perturbation. Therefore, environmental variations are expected to be reflected 
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more by changes in distribution or reproductive output, than by changes in 
survival. 
Life-history theory predicts that increased current reproductive effort should 
lead to future fitness costs. Therefore, parents should balance investment in their 
current offspring against their own chance of survival and future reproduction 
(Stearns 1976). In long-lived species, organisms should maximize their own life 
span because any reduction in adult survival would reduce lifetime reproductive 
success. In order to maximize the survival of adults in long-lived species, it has 
been suggested that parental effort should be regulated to a fixed level of 
investment, regardless of the nutritional requirements of the offspring (Ricklefs 
1992). However, recent experimental studies have shown that some long-lived 
animals have a flexible breeding effort and adjust their parental investment 
according to their own body condition and to the need of their offspring (Burke & 
Montevecchi 2009). The prediction that long-lived species should not invest in 
young at the expense of their own survival is based on the general assumption that 
lifetime reproductive success depends primarily on survival. However, such 
species often live in highly variable environments and, because many trade-offs 
appear when the resources are limited (Stearns 1992), it has been suggested that 
environmental stochasticity may favour the selection of flexibility in breeding 
effort (Erikstad et al. 1998). For example, during years with poor conditions (e.g., 
food shortage), adults could maximize their fitness by not breeding or by 
abandoning their offspring (Erikstad et al. 1998).  
Abiotic factors can directly influence populations but the role they play is more 
often indirect and act through their influence on food resource availability (Boggs 
1992). Abiotic and trophic conditions of an ecosystem influence the way animals 
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respond to their environment by shaping individual life-history traits. Energy 
acquisition and allocation influence the fecundity and survival of individuals 
(adults and immatures) and, thus, recruitment and population size (Stearns 1992). 
Therefore, it is important to define which are the constraints related to the 
environmental variability in order to understand how animals respond to changes 
of their life conditions. 
 
1.2. The marine environment and top order predators 
The marine environment is highly variable, both spatially and temporally. This 
heterogeneity is linked to the variations of the physical parameters of the ocean 
(e.g. horizontal and vertical movements of the water masses). Many areas in the 
ocean mix regularly and force the nutrient-rich bottom water towards the surface 
(Haury et al. 1978). Phytoplankton uses these nutrients, which form the basis of 
almost every marine food chain (Rhines 2001). Interactions between oceanic 
currents, bathymetry, and other physicochemical properties influence the 
distribution and the growth of plankton creating spatio-temporal heterogeneity in 
higher primary productivity (Haury et al. 1978). Oceanic physical processes, such 
as currents and fronts, concentrate nutrients and increase local productivity and, 
therefore, affect the distribution and abundance of plankton and other marine 
organisms (Ballance & Pitman 1999).  
Marine upper trophic-level predators tend to respond to ocean heterogeneity by 
congregating in areas of high prey availability (Nel et al. 2001). Prey abundance 
and availability vary on temporal and spatial scales influenced by different biotic 
and abiotic parameters (Haury et al. 1978). Because intermediary trophic levels 
have a high mobility, due to the movement of organisms and transportation via 
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currents, distribution of marine vertebrates is unlikely to have a correlation with 
oceanic physical processes at a fine scale (tens of kilometers). However, it 
appears that these physical processes influence the distribution of predators at a 
meso- (hundreds of kilometers) and macro-scale (thousands of kilometers) (Hunt 
Jr & Schneider 1987). 
Several studies have linked the aggregation of marine top predators (seabirds 
and marine mammals) at a macro-scale with specific oceanographic structures or 
the distribution of their main prey (Veit et al. 1993, Tynan 1998, Becker & 
Beissinger 2003, Fauchald 2009). At a meso-scale, aggregations of predators have 
been observed where fronts, bathymetry gradients (upwelling areas) or eddies 
stimulate primary production (Jahncke et al. 2005, Hyrenbach et al. 2006, Cotté et 
al. 2007). These regions support large biomass, which favours the development of 
trophic networks and creates highly favorable feeding areas for marine predators. 
For example some species, such as Heaviside’s (Cephalorhynchus heavisidii), 
Commerson’s (C. commersonii) and Peale’s (Lagenorhynchus australis) dolphins, 
are associated with cold-water currents, and blue whales (Balaenoptera musculus) 
are often found in areas of cool upwelling waters (Forcada 2002). 
Furthermore, the hierarchical spatial structure of the marine environment poses 
constraints on the biology of marine top predators. For example inter-annual 
variability may affect the quantity of resources available (e.g. years with low 
resources available could be associated with diminished reproduce output; Croxall 
et al. (1999)). Consequently some “preferred” areas would be used more 
frequently than others. These favorable feeding habitats are probably very 
important for survival and reproduction of marine top predators.  
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The energy allocated to reproduction will be influenced by the level to which 
marine top predators can adjust their behaviour to varying prey resources. How 
individuals search for spatially dispersed resources is crucial for their success in 
exploiting them (Bell 1991). Individuals have to select specific habitats to 
increase their probability of finding resources and, consequently, they need to 
adjust their movement in response to heterogeneity in the marine environment 
(i.e. a foraging animal should increase its search effort in areas where resources 
are abundant rather than in areas where resources are scarce). Foraging in a 
heterogeneous environment requires complex decisions, such as where to forage 
and for how long. As environmental heterogeneity is present at different temporal 
and spatial scales, animals should adjust their search effort with regard to the 
scale considered and the exploited habitat (Fritz et al. 2003). Because resources 
are not uniformly distributed in the marine environment and vary over space and 
time, the distribution of marine top predators is not random in the open ocean but 
closely associated to its heterogeneity (Ashmole 1971). 
 
1.3. Constraints on Central Place Foragers 
In marine colonial breeding species, such as seals or seabirds, foragers with 
dependent offspring are concentrated around a central location (i.e. the breeding 
colony on land). During reproduction, individuals return regularly to the colony to 
provision offspring, which incurs additional energetic costs (Orians & Pearson 
1979, Jouventin & Weimerskirch 1990, Weimerskirch et al. 1993). When leaving 
the colony during the breeding period, breeding adults have to make several 
decisions according to its prey encounter rate in order to optimize its search effort. 
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Seabirds are known to show specific adaptations to the marine environment in 
their breeding strategy with low reproductive rates, high adult survival, delayed 
maturity and long life expectancy (Ashmole 1971, Ricklefs 1990). They are 
dependent on the ocean for food, but breed on land; a way of life that they share 
only with pinnipeds and marine turtles (Ballance et al. 1997). The difficulties 
encountered by pelagic seabirds are largely related to the sparseness and 
patchiness of the marine resources they exploit, and to the constraints on transport 
of food from distant feeding zones to the nest (Lack 1968, Ashmole 1971). 
Unpredictability of marine environment means that adults cannot regulate food 
supply to the nest. 
Furthermore, seabirds are thought to integrate marine food webs across space 
and time (Trathan et al. 2007). They show variations in their demographic 
parameters in relation to variations occurring in their marine environment 
(Schreiber & Schreiber 1984, Inchausti et al. 2003). Therefore, they are sensitive 
indicators of changes in oceanic environment as they exhibit distinctive short- and 
long- term responses to environmental perturbations at a range of spatial scales. 
They offer opportunities to detect and assess the biological effects of changes in 
physical parameters (e.g. sea surface temperature, SST) of the marine ecosystem.  
Most seabird species only exploit the surface of the water column not deeper 
than 20 m (Wilson et al. 2002). Consequently, the occurrence of oceanographic 
phenomena and physical features that concentrate prey and enhance food 
availability are of major importance to these species. Changes in atmospheric 
circulation, water mass dynamics or the position of frontal structures are known to 
affect distribution and abundance of marine pelagic species (e.g., plankton, fish 
and squid; Hunt et al. (1981)) and, consequently, the availability of prey to top 
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predators. As a result, changes in their foraging habitats and the distribution and 
abundance of prey species may affect their population dynamics and distribution. 
Assuming that seabirds adapt their behaviour to cope with environmental 
heterogeneity, changes in their foraging parameters may be used as bio-indicators 
of ecological changes in the feeding ground they exploit (Furness & Camphuysen 
1997, Parsons et al. 2008). Studying seabird foraging ecology involves the use of 
a broad spatial scale. Indeed, oceanographic parameters usually vary at a few 
hundred or thousand kilometres scale with the exception of the oceanic fronts 
(Park 1989). 
Most seabirds are adapted for covering great distances over seemingly 
trackless oceans (Ashmole 1971). Consequently, acquiring data remains difficult 
and some aspects of their foraging ecology are still unknown. Therefore, it is 
crucial to identify the mechanisms by which marine productivity and 
heterogeneity affect the at-sea distribution of marine top predators. This is 
important to provide a better understanding of the ecological and evolutionary 
role played by foraging behaviour. It would help explain the use of different 
marine areas by seabirds and its consequences on their reproductive success. 
Oceanographic and climate factors are known to have an impact on the 
reproductive success, survival, abundance, and at-sea distribution of many 
seabirds (Inchausti et al. 2003, Sandvik et al. 2012). An increasing number of 
studies have shown the correlation between variations in population dynamics of 
Southern Ocean seabirds and variations in their physical environment at several 
temporal scales (Barbraud & Weimerskirch 2001b, a, Jenouvrier et al. 2003, 
2005). For example, Guinet et al. (1998) showed that, at a short temporal scale, 
breeding performances and body conditions of blue petrel (Halobaena carulea) 
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were correlated to the SST during the winter preceding the breeding season. At a 
longer temporal scale, variations of the population size of emperor penguins 
(Aptenodytes forsteri) breeding on Adélie Land have been detected and correlated 
to variations in sea-ice extent (Barbraud & Weimerskirch 2001b).  
Resource availability may vary among seasons and/or years according to 
unpredictable events such weather anomaly affecting SST or because of larger 
climate events such as El Niño Southern Oscillation (Schreiber 1994). Those 
events may lead to a decrease in the foraging success and, therefore, in the chick 
growth in the short term. In the long term, breeding success and adult survival 
may also decrease (Le Corre et al. 2003). In the eastern Pacific Ocean within the 
California Current System, Cassin’s auklets (Ptychoramphus alcuticus) respond 
adaptively to variations in oceanographic conditions and prey availability by 
modifying their breeding phenology. However they cannot cope with these 
variations if they occur after the initiation of breeding, resulting in the decrease of 
nestling growth and productivity (Abraham & Sydeman 2004). 
The underlying processes responsible for these variations within populations, 
however, remain hypothetical. A major obstacle to a better understanding of 
causal links existing between environmental and population dynamics variations 
of marine top predators is the lack of information available on their foraging 
ecology at different temporal (short and long term) and spatial scales. 
 
1.4. South-eastern Australia: seabird species and oceanography 
South-eastern Australia hosts the greatest diversity, abundance and biomass of 
seabirds on the continent. Eighteen seabird species have been recorded breeding 
in south-eastern Australia (Ross et al. 1995). Approximately 20 million seabirds 
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breed annually in the region, with the majority being short-tailed shearwaters 
(Puffinus tenuirostris) and white-faced storms petrels (Pelagodroma marina). 
Another common breeding species is the little penguin (Eudyptula minor) (Copley 
1996). Although most of the breeding colonies of these species are found on 
offshore islands, some are also found on the coastal mainland.  
Three main oceanic and coastal currents significantly shape the marine and 
climate conditions in the Australian region. The Antarctic Circumpolar Current 
(ACC) connects the three great ocean basins, Atlantic, Indian and Pacific. ACC is 
the dominant feature of ocean circulation in the Southern Hemisphere and the 
current brings nutrient rich waters to the south of Australia (Rintoul et al. 2001). 
The Leeuwin Current is the dominant ocean current off Western Australia. It 
consists of warm, low-nutrient waters flowing south along the Western Australian 
coast (Caputi et al. 1996). The East Australian Current (EAC) flows south along 
the east coast of Australia. It is the major western boundary current of the South 
Pacific sub-tropical gyre, flowing from the southern Coral Sea and along the coast 
of northern New South Wales (Ridgway & Dunn 2003).  
The region of Bass Strait, a shallow continental shelf located between Australia 
mainland and the state island of Tasmania, supports a diverse marine ecosystem 
with multiple habitat types. The South Australian Current (SAC), the East 
Australian Current (EAC) and the sub-Antarctic Surface Water (SASW) feed into 
Bass Strait (Ridgway & Condie 2004, Sandery & Kämpf 2005, 2007). While the 
water masses of the SAC and EAC are considered to have a low nutrient level, 
SASW contains higher nutrient levels and, therefore, are important to biological 
productivity (Gibbs 1992). For example blue whales aggregate to feed along the 
Bonney Upwelling where the deep and cold SASW meet with the shelf associated 
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with the Australian southern land mass (Gill 2011). The Bonney upwelling is the 
largest and most predictable upwelling in the south-eastern Australian region 
supporting productive fishing ground and seal and seabird colonies (Butler et al. 
2002). 
Climate change is also predicted to have a strong impact on the oceanography 
of the Bass Strait region. For example, changes in the warm EAC have already 
been detected, with the current extending further south and persisting longer than 
in previous years (Gibbs 1992, Ridgway & Hill 2009). Given the major role of 
ocean currents, such changes have the potential to alter prey distribution and type, 
directly affecting inshore foragers, while indirectly affecting offshore feeders via 
altering previous feeding grounds. Knowledge of the foraging and reproductive 
responses of seabirds to environmental variability will enable predictions to be 
made about their populations, their prey, and the terrestrial ecosystems they 
support, in the face of climate and anthropogenic change. 
Monitoring the effects of environmental variability on populations is difficult; 
another solution would be to look at the evolutionary responses of foraging-
related traits in different species with overlapping ranges (i.e. sympatric species). 
In south-eastern Australia, two ubiquitous sympatric species are the little penguin 
(inshore forager) and the short-tailed shearwater (offshore forager). Both species 
play a major role in the marine ecosystems of the region. 
The short-tailed shearwater is the most abundant species of land-breeding 
marine predators in southern Australia (Copley 1996), with an estimated 23 
million birds nesting principally on Bass Strait islands (Skira 1991). Adults 
mainly rely on neritic prey, especially Australian krill (Nyctiphanes australis), 
caught in the vicinity of the colonies but they also rely on sub-Antarctic and 
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Antarctic waters to provision their chicks (Weimerskirch & Cherel 1998, Einoder 
& Goldsworthy 2005, Einoder et al. 2011). Fluctuations in prey species 
abundance appears to affect chick growth of short-tailed shearwaters and may 
cause mass mortality when there is depletion in food availability (Oka et al. 
1987).  
Bass Strait also hosts large breeding colonies of little penguins with more than 
84,000 adults breeding annually on its many islands, the largest being Gabo Island 
with 30-40,000 breeding individuals (Dann 1992, Norman & Dann 2006). Ocean 
temperatures appear to be a dominant factor for the adults’ breeding success 
(Cullen et al. 2009). Local-scale ocean temperatures has great impact on the mean 
date of egg laying (Chambers 2004). The SST has also been correlated to egg-
laying date and chicks’ fledging success. Furthermore, foraging efficiency could 
decrease because of a reduction in the thermal stratification of coastal water 
masses, ultimately affecting the breeding success of the little penguin (Ropert-
Coudert et al. 2009). 
 
1.5. Research aims, study sites and thesis structure 
Little is known about how changes in the physical environment affect the 
marine organisms on which short-tailed shearwaters and little penguins feed and, 
thus, it is necessary to investigate further factors influencing the distribution and 
foraging movements of these top predators. This will provide a better 
understanding of the underlying mechanisms explaining their distribution within 
the context of environmental variability. Therefore, the overall aims of this study 
were to: 1) identify individual foraging strategies of little penguins and short-
tailed shearwaters during the chick-rearing period; 2) determine how contrasting 
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oceanographic regimes influence the foraging behaviour and fine scale habitat use 
of the two model species; and 3) examine how divergent oceanographic regimes 
and foraging strategies influence the reproductive performance of the two species. 
This study was conducted on mainland and island colonies in eastern and western 
Bass Strait (Gabo Island, London Bridge and Griffith Island).  
The thesis is structured with the central chapters reporting on specific studies 
that have been published or submitted for publication in peer-reviewed journals. 
Chapter 2 provides new insights into the foraging tactics of little penguins, as a 
small predator hunting small schooling prey (e.g. decision to feed individually or 
in groups), and potential factors influencing their behaviour. Chapter 3 
specifically investigates the inter-annual variations in foraging behaviour of little 
penguins breeding at two colonies marked by contrasting 
oceanographic/environmental conditions and its influence on reproductive 
performances. Chapter 4 describes the activity budgets and previously unknown 
fine scale three-dimensional foraging behaviour of short-tailed shearwaters 
performing short foraging trips during the breeding season. Chapter 5 aims to 
explore the at-sea movements and habitat use of short-tailed shearwaters 
provisioning chicks at two breeding colonies in south-eastern Australia, under the 
influence of contrasting oceanographic conditions. This chapter discusses the 
importance of foraging flexibility as a fundamental trait for species living in a 
highly variable environment. The General Discussion (Chapter 6) is the synthesis 
of the thesis and discusses the findings in the global context of life history traits in 
view of environmental variations. This chapter examines mechanisms by which 
environmental heterogeneity affects the at-sea distribution, feeding areas of 
marine predators with spatially explicit oceanographic data and reproductive 
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outcomes. Consideration is also given to why establishing patterns of movements 
of free-ranging animals, as it is crucial for a better understanding of the 
mechanisms used by these species to cope with unpredictable variations and for 
developing conservation and management strategies.  
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ABSTRACT 
Prey distribution, patch size, and the presence of conspecifics are important 
factors influencing a predator's feeding tactics, including the decision to feed 
individually or socially. Little is known about group behaviour in seabirds as they 
spend most of their lives in the marine environment where it is difficult to observe 
their foraging activities. In this study, we report on at-sea foraging associations of 
little penguins (Eudyptula minor) during the breeding season. Individuals could be 
categorised as (1) not associating; (2) associating when departing from and/or 
returning to the colony; or (3) at sea when travelling, diving or performing 
synchronised dives. Out of 84 separate foraging tracks, 58 (69.0%) involved 
associations with conspecifics. Furthermore, in a total of 39 (46.4%) of these 
tracks, individuals were found to dive during association and in 32 (38.1%), 
individuals were found to exhibit synchronous diving. These behaviours suggest 
that little penguins often forage in groups, could synchronise their underwater 
movements and potentially cooperate to concentrate their small schooling prey.  
Keywords: Foraging behaviour, associations, conspecifics, synchronous diving, 
GPS tracking, seabird. 
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2.1. INTRODUCTION 
Locating and exploiting resources is a constant challenge for animals. It is a 
time when cooperative strategies can greatly improve the probability of being 
successful. Breeding seabirds are central place foragers (Orians & Pearson 1979) 
and show specific adaptations to the difficulties encountered in finding food 
within the sparseness and patchiness of the marine environment they exploit 
(Ashmole 1971). In such an environment, group foraging could benefit 
individuals by increasing their efficiency at finding resources, consequently 
increasing their feeding rate in comparison to solitary foragers, and may also 
assist in the acquisition of food by concentrating small prey or by facilitating the 
capture of large prey (Clark & Mangel 1986). 
Penguins consume small schooling fish, crustaceans and cephalopods 
(Marchant & Higgins 1990) and previous studies have inferred group foraging 
behaviour from observations of individuals aggregating at the surface (Ainley 
1972, Siegfried et al. 1975, Wilson & Wilson 1990) or with the use of animal-
borne camera loggers (Takahashi et al. 2004a, Takahashi et al. 2008, Kokubun et 
al. 2013). Recent bio-logging studies have documented synchrony between 
individuals in the departure from colonies, overlap in general foraging areas or 
synchronous underwater activity (Tremblay & Cherel 1999, Takahashi et al. 
2004b, Pütz & Cherel 2005). Although it has been shown that penguins can 
display group foraging behaviour, the degree of interaction between individuals is 
uncertain and little is known about how often penguins do associate when not 
diving. No studies have yet concurrently used depth recorders and GPS data 
loggers for a whole foraging trip to examine fine-scale spatial overlap between 
individuals in time and coordinated diving behaviour indicative of group foraging.  
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The little penguin (Eudyptula minor) is the smallest of all penguin species and 
is found exclusively in southern Australia, New Zealand and the Chatham Islands 
(Stahel et al. 1987). Breeding colonies are located on coastal mainland sites and 
islands where they are known to depart from, and return to, the breeding colony in 
groups (Daniel et al. 2007). However, whether individuals intentionally forage 
together at sea is not known in this (or other) penguin species. This study, 
therefore, investigated the degree of associations between individuals at sea and 
whether such associations were linked to foraging activity. In addition, as little 
penguins exhibit sexual size-dimorphism (Arnould et al. 2004), with males diving 
longer and deeper than females (Hoskins et al. 2008) and potentially foraging in 
different zones, the effect of sex on at-sea associations was tested. Furthermore, 
because breeding colonies could serve as information centres where unrelated 
individuals transfer information on the location of food resources (Ward & Zahavi 
1973), we examined whether birds which nested in close proximity travelled 
together and/or foraged together.  
 
2.2. METHODS 
2.2.1. Study site and animal handling procedures  
The study was conducted at the London Bridge breeding colony (38°37’19”S, 
142°55’57”E), south-eastern Australia, during the chick-rearing period in 2011/12 
and 2012/13. This small mainland colony hosted 68 and 70 active nests in the first 
and second study periods, respectively. Chick-rearing lasts for 8-10 weeks and 
consists of two stages: guard stage (2 weeks) where adults make one-day foraging 
trips while the partner tends to the chicks; and post guard stage (6 to 8 weeks) 
where adults leave chicks unattended to forage at sea (Reilly & Cullen 1981). 
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Breeding adults were instrumented with a GPS data logger (IgotU120, Mobile 
Action Technology, 44.5 x 28.5 x 13 mm), packaged in heat-shrink tubing, 
programmed to sample location (± 10 m) every 2 min. In addition, individuals 
were deployed with a time-depth recorder (TDR LAT1500, Lotek Wireless Inc, 
35x8x8mm) to measure depth (± 0.01 m) every 4 s. Adults were captured and 
instrumented at their nest with procedures lasting < 10 min. Prior to deployment, 
morphometric measurements (mass and flipper length) were taken using a spring 
balance (± 5 g) and Vernier calipers (± 1 mm). Both individuals in each nest were 
known from previous studies (identified by passive induction transponders, PIT 
tags; Daniel et al. (2007)) and their sex had been determined from bill depth using 
a discriminant function (Arnould et al. 2004). Devices were attached with black 
waterproof Tesa tape to feathers on the dorsal midline. Together the devices 
weighed < 3% of body mass and were < 0.03% of body cross sectional surface 
area and, thus, would have had negligible hydrodynamic drag effects on the 
animals. Birds were recaptured and devices removed after returning from one 
foraging trip to sea. In addition, to investigate the potential influence of nesting 
proximity on associations, the distance (m) between studied nests was determined 
with a tape measure. 
2.2.2. Data Analyses 
All analyses were conducted in the R statistical environment (R Developement 
Core Team 2013). The trip package (Sumner 2012) was used to summarize 
animal track data. Locations with speed > 2 m·s-1 were filtered (McConnell et al. 
1992, Hoskins et al. 2008). On average, the speed filtering removed 7.1% (range: 
0-22.2%) of recorded locations during individual foraging trips. Analyses were 
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performed on complete foraging trips, defined as the time between when 
individuals departed from, and when they returned to, the colony.  
The diveMove package (Luque 2007) was used to process and analyse TDR 
data. Following zero-offset correction and setting a minimum dive depth of 1 m, a 
sequential differences analysis (Mori et al. 2001) was used to search for bout-
ending criteria and determine whether successive dives were part of the same 
bout. For each foraging trip, the average dive and post dive duration, dives per 
bout and bout duration were calculated. GPS tracking data were then linearly 
interpolated to estimate a location for each dive. Horizontal distance travelled 
during each dive bout was estimated from the linearly interpolated GPS tracking 
data. 
To analyse inter-individual associations at sea, interpolated tracks and diving 
datasets were analysed using a custom-written script in Eonfusion (Myriax Pty. 
Ltd., Hobart, Australia). An individual track was analysed to see if another 
individual was present within a fixed radius at any time during the trip. The sum 
total time of associations between individuals was calculated for each trip. Little 
penguins often congregate at the water surface close to the colony (“rafting”) 
before emerging after sunset (Stahel et al. 1987). Tracks were visually examined 
and if two or more individuals were “rafting” together, these track segments were 
excluded from further analyses. In order to investigate possible factors affecting 
time spent in association, the effect of sex was tested using a non-parametric test 
and the correlation between nest proximity and time spent in association was 
tested using Mantel test (Mantel 1967). The Mantel test evaluates correlations 
between two distance matrices of the same size. The Mantel statistic can be 
normalized such that it behaves like a correlation coefficient (r) varying from -1 
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to 1. The significance of the correlation between the two distance matrices was 
tested using a permutation test. Furthermore, the diving behaviour of associated 
individuals was examined. Dives statistics (number of dives, time of dive, dive 
duration, post-dive duration and dive depth) were calculated for each individual. 
 
2.3. RESULTS 
A total of 84 foraging trip tracks (32 female, 31 male) were recorded. The 
mean duration of foraging trips was 14.8 ± 4.1 h during which individuals 
travelled 41.2 ± 18.7 km. To determine whether instrumented individuals 
associated, a zone around the foraging track of 500 m radius was created. This 
radius was chosen based on the average horizontal distance travelled per dive bout 
(0.99 ± 0.08 km). The mean dive bout duration (12.4 ± 7.9 min) was then used as 
a threshold (minimum unit period) to define association between individuals. On 
average, 3 individuals (range: 2-7) were instrumented simultaneously and 
departed to sea on the same day (Table 2.1), which represented on average 9 % 
(range: 5.1-20.8%) of the total number of foraging adults raising chicks at the 
time of instrumentation. On average, 87.5 % (range: 0-100%) of simultaneously 
instrumented individuals were found to associate while foraging (Table 2.1).
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Table 2. 1. Summary of individuals observed to associate and total number of individuals foraging at the time of instrumentation. The 
total number of adults foraging was calculated from the number of breeding pairs raising chicks in the colony, see Materials and Methods for 
more details. 
 
 
 
 
 
 
 
 
 
 
Date of deployment Individuals instrumented 
Individuals associating for at least one 
“dive bout duration” unit 
Proportion of instrumented 
individuals observed to associate (%) 
Number of individuals at 
sea foraging 
01/10/2011 3 3 100 46 
03/10/2011 5 5 100 46 
04/10/2011 7 7 100 43 
18/10/2011 3 3 100 59 
20/08/2012 5 3 60 24 
22/08/2012 5 5 100 24 
23/08/2012 3 2 66.7 24 
25/09/2012 3 2 66.7 39 
26/09/2012 2 0 0 39 
27/09/2012 2 2 100 39 
30/10/2012 4 3 75 39 
31/10/2012 4 3 75 39 
20/11/2012 3 3 100 35 
21/11/2012 2 2 100 35 
22/11/2012 2 0 0 35 
02/12/2012 3 3 100 35 
03/12/2012 2 0 0 35 
12/12/2012 4 2 50 22 
13/12/2012 4 3 75 22 
18/01/2013 3 2 66.7 32 
19/01/2013 3 3 100 32 
21/01/2013 2 2 100 32 
Median [range] 3 [2-7] 3 [0-7] 87.5 [0-100] 35 [22-59] 
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Tracked individuals could be classified into three groups: (1) individuals that 
did not associate at all; (2) individuals that associated with conspecifics only 
during outward/inward commuting; and (3) individuals that, irrespective of 
whether they left the colony together or not, associated at sea. Within group 3, 
different degrees of associations were found between individuals: (a) individuals 
that associated when travelling; (b) individuals that associated when travelling 
and diving asynchronously within the same area; and (c) individuals performing 
synchronous diving (a pair was considered to exhibit synchronous diving 
behaviour when the two individuals initiated a dive within 4 s of each other) 
(Table 2.2). Out of the 84 separate tracks, 58 (69 %) were classified into groups 2 
or 3 with the highest number of individuals corresponding to groups 3b and 3c 
(Table 2.2). 
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Table 2. 2. Different types of associations found in instrumented little penguins. The proportion of time spent travelling while associated is 
the proportion of time an individual spent travelling at the surface only relative to its foraging trip duration. The proportion of time spent diving 
while associated is the time an individual spent diving asynchronously relative to its foraging trip duration. Median values are given with range in 
parentheses.  
At-sea associations 
Number of 
individuals 
Proportion of time 
spent travelling while 
associated (%) 
Time spent 
asynchronously 
diving while 
associated (%) 
Time spent diving 
synchronously (%) 
Proportion of the 
foraging trip duration 
spent in association 
(%) 
1. No association 26 - - - - 
2. Outward/inward commuting 10 4.1 [1.3 -6.5] - - 4.1 [1.3-6.5] 
3. At-sea:      
  a. Surface travelling 6 4.1 [1.3-5.3] - - 4.1 [1.3-5.3] 
  b. Travelling and diving 39 2.2 [0.1-13.6] 1.9 [0.1-10.3] - 3.8 [0.2-20.6] 
  c. Synchronous diving 32 7.2 [0.8-32.6] 1.6 [0.1-10.3] 6.3 [0.3-73.3] 20.9 [4.2-89.7] 

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On average, individuals that associated during the outgoing and/or incoming 
stages of the foraging trip were found to interact for 4.1 % of their foraging trip. 
In contrast, individuals in group 3c spent up to 89.7 % (average 20.9 %) of their 
time at sea in associations (Table 2.2; Figure 2.1). Birds that were diving 
synchronously spent on average 6.3 % of their foraging trip doing so for an 
average of 5 (range: 1-70) synchronized dives (Table 2.2 & Table 2.3; Figure 2.2).  
While diving, the distance association at the surface between 2 individuals was on 
average 92.1 m (range: 34.1 – 495.3) (Table 2.3). Sex did not influence time spent 
in association with a conspecific (Mann-Whitney’s U test, U = 939, p = 0.453). 
Distances between all pairs of nests were measured (55.4 ± 61.2 m). Time spent in 
association did not appear to be correlated to nesting proximity (r = -0.02, p = 
0.339). 
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Figure 2. 1. Example of GPS tracks from three foraging adult little penguins 
at the London Bridge breeding colony (black dot). The rectangle represents dive 
events location showed in figure 2.2. 
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Figure 2. 2. Dives profiles of three little penguins illustrating synchronous 
diving behaviour. Representative example of synchronous dives by three little 
penguins during a portion of their foraging trips. 
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Table 2. 3. Diving parameters of instrumented little penguin pairs that associated while synchronously diving. The number of dives is the 
total dives synchronously performed by a pair. The surface distance is the distance between two individuals at the time of association. Median 
values are given with range in parentheses. 
Pair 
Duration of 
association (min) 
Number of dives Dive duration (s) Depth (m) Post dive duration (s) Surface distance (m) 
ID35/ID56 4 1 4 1.1 - 290.1 
ID48/ID49 4.7 4 18 [4-44] 2.8 [1-13.7] 50 [8-152] 329.1 
ID29/ID41 4.9 5 14 [4-28] 2.9 [1.6-8] 72 [4-108] 48.3 [10.2-355.8] 
ID28/ID49 12.2 3 8 [8-20] 4.3 [3.3-9.6] 4 [4-16] 495.3 
ID5/ID6 12.5 6 36 [28-48] 10.6 [7.9-14.4] 16 [8-28] 63.0 [14.2-184.7] 
ID1/ID2 18.5 2 28 [24-32] 4.5 [1-7.9] 20 [8-32] 375.2 
ID11/ID15 21.3 4 28 [20-52] 6.2 [1.2-15.6] 38 [20-116] 317.2 
ID24/ID82 27.9 5 24 [4-44] 5.4 [1-8.1] 20 [4-148] 112.6 [72.3-338.1] 
ID14/ID16 32.7 4 28 [12-32] 9.2 [3.4-12.1] 26 [4-48] 344.7 [287.3-402.2] 
ID13/ID19 34.5 4 40 [8-56] 12.9 [2.1-18.5] 28 [24-128] 79.4 [53.7-105.1] 
ID63/ID65 83.7 20 28 [12-48] 8.0 [1-12.4] 24 [12-116] 218.9 [44.5-480.9] 
ID66/ID69 91.2 9 8 [4-48] 3.6 [1.2-17.8] 44 [4-160] 141.1 [34.9-264] 
ID15/ID17 121.1 3 42 [24-60] 16.9 [8.6-22.1] 34 [16-68] 203.2 [194.6-471.5] 
ID19/ID20 135.7 8 38 [4-48] 11.6 [1.2-15.2] 32 [8-128] 49.3 [20.8-132.7] 
ID29/ID40 178.8 11 10 [4-56] 2.3 [1.1-4] 62 [4-160] 97.1 [11.2-371.7] 
ID37/ID57 199.5 3 10 [4-16] 2.8 [1.6-8.6] 46 [4-76] 94.9 [24.7-159.9] 
ID50/ID52 248.9 57 32 [4-96] 8.2 [1.1-16.8] 20 [4-168] 201.8 [7.4-462.9] 
ID6/ID8 276.2 70 40 [4-64] 11.1 [1.1-26.5] 20 [4-80] 39.4 [2.6-405.3] 
ID12/ID14 357.3 30 44 [20-64] 12.1 [1.1-21.7] 20 [8-80] 34.1 [1.8-199.8 
ID40/ID41 479.5 68 12 [4-48] 2.4 [1-24.9] 30 [4-176] 119.1 [5.9-429.8] 
Median [range] 59.1 [4-479.5] 5 [1-70] 28 [4-44] 8.1 [1.1-16.9] 24 [4-176] 92.1 [34.1-495.3] 
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2.4. DISCUSSION 
The results indicate that in little penguins, even while a relatively small 
proportion of the colony was concurrently tracked, a large proportion of 
instrumented individuals associated with a conspecific during a foraging trip. This 
suggests that little penguins are unlikely to forage individually and that group 
association often occurs in this species, as has been previously described for other 
penguin species (Ainley 1972, Siegfried et al. 1975, Davis & Darby 1990). 
However, while previous studies inferred group foraging behaviour from 
observations of individuals at the surface or from information on underwater 
activity recorded with time-depth recorders alone (Tremblay & Cherel 1999, 
Takahashi et al. 2004a, Takahashi et al. 2004b, Pütz & Cherel 2005), the present 
study emphasised the existence of different degrees of associations between birds. 
Some individuals departed from the colony together and separated and/or came 
back towards the colony and merged with others before rafting while waiting until 
sunset to go back to the colony. Others spent time at sea together, regardless of 
whether they had left the colony together or not. 
The proportion of the foraging trip duration spent in association was higher 
when the individuals were diving than travelling. This suggests individuals 
occasionally encountered and fed on a common prey patch. However, some 
individuals synchronised their underwater movements during almost the entire 
foraging trip. This suggests individuals were involved in cooperative foraging. 
The benefits of group hunting are multiple. It reduces an individual’s risk of 
being preyed upon (Lima & Dill 1990) and it can provide cues to locate food in an 
environment where the resources are patchily and unpredictably distributed which 
may enhance foraging efficiency (Grand & Dill 1999). On one hand, penguins 
At-sea associations in little penguins                                                         Chapter 2 
 30 
might be forming groups in order to split up fish schools. Indeed, fragmentation 
reduces dilution, which is one of the greatest strength behind the evolution of 
schooling behaviour (Pitcher & Parrish 1993). Therefore, penguins might need to 
disrupt school cohesion to capture prey. On the other hand, they possibly need to 
limit prey dispersal. In fact, penguins may need to herd prey because, if they 
disperse, hunting might not be cost-efficient anymore. Therefore, prey might need 
to be kept in small group formation. It has been suggested that penguins are more 
likely to be successful if operating in small groups when hunting small 
aggregations of prey (Wilson et al. 1986). Furthermore, school-response patterns 
differ with school size (Vabø & Nøttestad 1997). As consumers of small 
schooling prey (e.g. anchovies or pilchards; Stahel et al. (1987)), little penguins 
could adapt their tactics according to the size of the school. Penguins could 
benefit from cooperative hunting to maintain a certain degree of disorder and/or 
aggregation that facilitates prey capture. Conversely, group hunting can also 
increase competition for resources when prey availability is limited and, therefore, 
it can become costly for an individual to associate with conspecifics. Differences 
in the degree of association observed between individuals in the present study 
could, therefore, be reflective of differences in prey distribution patterns or 
differing characteristics in prey (Packer & Ruttan 1988). 
Nesting proximity did not appear to influence group formation. This result is 
surprising because little penguins emerge from their burrows at approximately the 
same time and walk along communal tracks in the dunes to the water where they 
congregate before departing from the colony (Chiaradia & Kerry 1999). As 
sampling for this study was mostly conducted when parents alternated foraging 
and brooding, it was not possible to investigate whether nesting pairs forage 
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together. While some adults were in post-guard stage at the time of the 
instrumentation, no pair was tracked at the same time. Further study during the 
post guard stage when both parents forage at the same time could potentially 
investigate whether pairs forage together. While small sample size (only a few 
individuals tracked at the same time) prevented determination of whether sex 
influenced group formation, the duration of associations was not related to sex. 
This study has shown that little penguins associate with conspecifics while 
foraging at sea and can adjust underwater hunting activity to that of other 
individuals; this could suggest cooperative foraging or opportunistic behaviour. 
Although this study only followed few individuals at the same time for a single 
foraging trip (due to limitations in the field), the findings of this study indicate 
that individuals preferentially spent time together. However, future studies should 
incorporate larger groups and over numerous trips in order to investigate whether 
individuals maintain associations over multiple trips and/or develop regular 
associations with particular individuals (e.g. genetically related). 
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CHAPTER THREE 
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ABSTRACT 
During the breeding season, seabirds are central place foragers and have to adapt 
their foraging behaviour in response to environmental variation to maximize 
efficiency and reproductive output. Due to its small size and swimming mode of 
transport, the little penguin (Eudyptula minor) is expected to be greatly susceptible 
to such fluctuations. The links between local, meso- and macro-scale environmental 
conditions and inter-annual variation in foraging behaviour and reproductive 
performance of little penguins were investigated during three consecutive breeding 
seasons at two colonies in south-eastern Australia marked by contrasting 
oceanographic conditions. At a regional scale, foraging effort of individuals from 
both colonies was negatively correlated with higher sea surface temperature (SST) 
off the Bonney Coast in the previous Austral summer, suggesting a weaker Bonney 
Upwelling event and a cascade of effects throughout the Bass Strait region. At a 
larger scale, the El Niño Southern Oscillation was also found to correlate with 
foraging behaviour, with lower foraging effort being observed during La Niña 
event. Although individuals increased their foraging effort during years with poorer 
conditions, they were not able to maintain high breeding success. In addition, peak 
egg-laying was found to coincide with a decrease in local SST and a peak of sea 
surface chlorophyll-a concentration. In conclusion, these results highlight how 
different environmental conditions could influence foraging behaviour and 
ultimately reproductive success of little penguins. It also showed that under certain 
circumstances, these individual strategies were not sufficient to cope with 
environmental variability.  
Keywords: Reproductive success, foraging effort, GPS, diving behaviour, climate, 
oceanography.  
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3.1. INTRODUCTION 
In the marine environment, apex predators such as seabirds generally rely on 
resources that are patchily distributed and seasonally variable (Ashmole 1971, 
Hansen et al. 2001, Weimerskirch 2007). For this reason, flexibility in behaviour 
in response to environmental changes is crucial, as it is relevant to breeding 
performances and population dynamics (Frederiksen et al. 2004b, Lewis et al. 
2006b). Individuals are expected to adjust their foraging effort to meet their own 
energy requirements and provision their offspring (Burke & Montevecchi 2009). 
However, the capacity to increase foraging effort is limited and species-specific. 
For instance, marine central place foragers provisioning young are restricted in 
their foraging range and duration by the fasting ability of their offspring and the 
high energetic cost of travelling in returning regularly to the breeding ground 
(Orians & Pearson 1979, Jouventin & Weimerskirch 1990). Consequently, 
proximity to suitable feeding sites is essential, and foraging strategies have 
evolved in order to maximize the foraging efficiency and the rate of net energy 
gain (Ydenberg et al. 1994).  
As central place foragers, breeding seabirds adjust their provisioning effort and 
parental investment according to their own body condition and to the need of their 
offspring (Erikstad et al. 2009, Rishworth et al. 2014), searching for highly 
productive habitats and changing their foraging areas and strategies depending on 
food availability (Furness & Camphuysen 1997, Péron et al. 2010). The most 
common response to variations in prey availability for adults provisioning 
offspring is to change foraging trip duration and/or range (Croxall et al. 1999, 
Burke & Montevecchi 2009). Other responses have also been observed with 
adults switching to more predictable but less energetic prey (Wanless et al. 2005) 
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or individuals increasing chick-provisioning frequency in order to compensate for 
smaller, less available prey (Weimerskirch 1997).  
Being highly specialized for swimming and diving (Williams 1995), penguins 
have the ability to adjust their foraging effort in an additional dimension 
compared with most flying birds (Butler 2000). Changes in their diving 
behaviour, therefore, should strongly reflect local prey availability (Charrassin et 
al. 2002, Lynnes et al. 2002, Rey et al. 2012). During years with poor conditions 
(e.g. food shortage), penguins could not only extend their foraging range but also 
increase the depth and frequency of dives they make in relation to regional 
variations in prey distribution and availability (Watanuki et al. 1993, Ramírez et 
al. 2014). Alternatively, adults could increase their own survival by not breeding 
or by abandoning their offspring (Stearns 1992) if they are unable to increase their 
foraging effort any further (Drent & Daan 1980) in order to increase their lifetime 
reproductive output. 
The region of Bass Strait, the shallow continental shelf area located between 
Tasmania and the Australian mainland, hosts large colonies of little penguins (and 
other seabird species) with more than 84,000 pairs breeding annually on its many 
islands, the largest being Gabo Island with an estimated 35,000 breeding pairs 
(Fullagar et al. 1995). The region supports a diverse marine ecosystem with 
multiple habitat types, influenced by the South Australian Current (SAC), the East 
Australian Current (EAC) and the sub-Antarctic Surface Water (SASW) (Sandery 
& Kämpf 2005) (Figure 3.1). The warm SAC and EAC have low nutrient levels 
while the cold nutrient-rich SASW supports high biological productivity (Gibbs 
1992). In addition, during the austral summer, the sub-tropical ridge shifts 
southwards resulting in periods of south-easterly winds in western Bass Strait 
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which drives a seasonally active coastal upwelling (Nieblas et al. 2009). The 
Bonney Upwelling is the largest and most predictable upwelling in south-eastern 
Australia and provides a highly productive feeding ground for a variety of species 
(e.g. seabirds, fishes, whales and fur seals) (Collins et al. 1999, Butler et al. 2002, 
Gill 2004). Therefore, south-eastern Australia is marked by contrasting oceanic 
conditions that might influence the foraging decisions of breeding little penguins 
in response to environmental variability as shown previously in central Bass Strait 
(Ropert-Coudert et al. 2009, Pelletier et al. 2012).  
The oceanic region of south-eastern Australia is also one of the fastest 
warming marine areas in the world (Hill et al. 2008, Hobday & Pecl 2013) and is 
likely to experience substantial alterations to the local oceanography and species 
distributions (Ridgway 2007). Indeed, changes in the EAC have already been 
documented with species moving further south along the coast of Tasmania 
(Poloczanska et al. 2007, Ling et al. 2009, Banks et al. 2010). Such changes are 
likely to impact the prey distribution (Poloczanska et al. 2007), foraging success 
and, ultimately, reproductive success of little penguins. 
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Figure 3. 1. Simplified representation of water masses in south-eastern 
Australia (Bass Strait region). EAC: East Australian Current; SASW: Sub-
Antarctic Surface Water; SAC: South Australian Current (from Sandery & Kämpf 
(2005)) and Bonney Upwelling. Gabo Island (GI) and London Bridge (LB) 
breeding colonies are located on the map (closed circles). The boxes indicate 
locations for which environmental data was extracted. The solid line indicates the 
location of the continental shelf edge (200 m isobath).  
 
Numerous studies throughout the species’ range have documented the foraging 
behaviour of little penguins, revealing adults dive to depths of up to 67 m (Ropert-
Coudert et al. 2006, Ropert-Coudert et al. 2007, Berlincourt & Arnould 2014) to 
consume squid and small schooling fish such as anchovies (Engraulis spp.) and 
pilchards (Sardinops sagax) (Stahel et al. 1987, Klomp & Wooller 1988, Fraser & 
Lalas 2004). Little is known, however, of how different oceanographic regimes and 
environmental variability influence their at-sea behaviour and reproductive 
outcomes (Chiaradia et al. 2007, Ropert-Coudert et al. 2009). Information on how 
individuals respond to local environmental stochasticity in terms of foraging effort, 
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body condition and reproductive performance is currently lacking (Dann & 
Chambers 2013). Such knowledge is necessary for understanding how future 
environmental change may impact little penguins and the prey populations they 
depend on (Chambers et al. 2013, Chambers et al. 2014).  
In this study, changes in foraging and diving behaviour in little penguins were 
examined. It was hypothesized that during years with poor conditions (i.e. lower 
food availability) individuals should increase their foraging effort, by extending 
their foraging ranges and/or diving effort in search of profitable prey patches in 
order to meet both the nutritional needs of their offspring and their own. Therefore, 
the aims of the present study were to investigate in this species: (1) how local- (1–
50 km) and meso-scale (10–500 km) ocean climate variability influence foraging 
behaviour; (2) the reproductive consequences of these responses. As it is unlikely 
that substantial variation in environmental conditions, and how animal adapt to 
them, may be detected at a single location with the short time frames of this study 
(Furness & Camphuysen 1997), little penguin populations experiencing contrasting 
oceanographic conditions at both extremities of Bass Strait were examined. 
 
3.2. METHODS 
3.2.1. Study species, study sites and animal handling procedures 
The little penguin, a burrow-nesting seabird, is the smallest of all penguin 
species (30 cm in height, body mass ~1kg) that breeds annually during the austral 
spring/summer. Due to its small size and swimming mode of locomotion, it has one 
of the most restricted foraging ranges of any seabird (15-20 km from the breeding 
colony; Hoskins et al. (2008), Collins et al. (1999)). Chick-rearing lasts for 8-10 
weeks and consists of two stages: guard stage (2 weeks), when adults make one-day 
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foraging trips while the partner tends to the chicks; and post-guard stage (6 to 8 
weeks), when both adults leave chicks unattended to forage at sea (Reilly & Cullen 
1981). At some colonies, little penguins may raise two clutches in one breeding 
season (Gales 1985), a trait they share with only a few other penguin species 
(Boersma 1976, Wilson & Wilson 1990). The species is found exclusively in 
southern Australia and New Zealand (Stahel et al. 1987). 
The study was conducted at Gabo Island Lighthouse Reserve (37°33’S, 
149°54’E) and the London Bridge breeding colony in Port Campbell National Park 
(38°37’S, 142°55’E) (Figure 3.1), during the chick-rearing period over three 
consecutive breeding seasons (2011/2012, 2012/2013 and 2013/2014). The start of 
the breeding season ranged between August/September and was completed by 
January/February the following year. Thereafter, the years refer to the start of the 
breeding season. Breeding adults were captured and instrumented at their nest with 
procedures lasting < 10 min (n = 144 at Gabo Island; n = 66 at London Bridge). 
Morphometric measurements (mass, bill length and depth, flipper length) were 
taken using a spring balance (± 5 g) and Vernier callipers (± 1 mm), and sex was 
determined from bill depth (Arnould et al. 2004). Individuals were then 
instrumented with an IgotU GT-120 GPS data logger (Mobile Action Technology, 
Taiwan) packaged in heat-shrink tubing, programmed to sample location every 2 
min, and a time-depth recorder (Lotek LAT1500, Lotek Wireless, Canada) 
sampling depth every 4 s. Devices were attached with black waterproof Tesa® tape 
to feathers on the dorsal midline. Together the devices weighed < 3% of body mass 
and were < 0.03% of body cross sectional surface area and, thus, would have had 
negligible hydrodynamic drag effects on the animals (Agnew et al. 2013). 
Individuals were then returned to the nest to resume normal behaviour. Birds were 
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recaptured and devices removed after returning from one foraging trip to sea. 
Deployments occurred in both the guard and post-guard stages of the breeding 
season (between September–November each year) but each individual was sampled 
only once.  
Nests of instrumented birds and additional nests were marked each year and 
monitored throughout the breeding season every fortnight to record the chronology 
of laying, hatching and fledging (and their respective success). Pairs were 
considered to have laid a second clutch if they successfully raised the first one 
(otherwise it was considered as a replacement clutch). In addition, to investigate 
inter-annual variation in body condition and its influence on reproductive success, a 
condition index (BCI) was calculated from the residuals of the linear regression 
between body mass and flipper length measured at the time of instrumentation 
(Numata et al. 2000). A BCI < 0 indicates that the bird is lighter than expected 
according to its weight (i.e. low body condition). 
3.2.2. Data processing 
To investigate habitat use, GPS tracks were analysed with the trip, adehabitatHR 
and adehabitatLT packages (Calenge 2006, Sumner 2012) within the R statistical 
environment (R Developement Core Team 2013). Locations with speed > 2 m·s-1 
were filtered (McConnell et al. 1992, Hoskins et al. 2008). On average, the speed 
filtering removed 8.3% (range: 0-25.7%) of erroneous recorded locations during 
individual foraging trips. Analyses were performed on complete foraging trips, 
defined as the time between when individuals departed from, and when they 
returned to, the colony. For each foraging trip, trip duration (h), total distance 
travelled (km), maximum distance from the colony (km) and average bearing (º) 
from the colony were calculated.  
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Diving behaviour data were processed and analysed using the diveMove 
package (Luque 2007). Following zero-offset correction and setting a minimum 
dive depth of 1 m, dive statistics (time of dive (h), dive duration (s), bottom dive 
duration (s), post-dive duration (s) and maximum depth (m)) were calculated for 
each foraging trip. Summary dive statistics were then used to calculate: number of 
dives per hour; average maximum depth (m); vertical travel rate (m·h-1); proportion 
of time spent diving (%); and dive efficiency (bottom time duration/[dive duration + 
post-dive duration] (Ydenberg & Clark 1989), where post dive periods of < 180 s 
were considered (Tremblay & Cherel 2000)). Vertical travel rate and proportion of 
time spent diving were chosen as indices of foraging effort (Horning & Trillmich 
1997). Because little penguins are visual hunters (Cannell & Cullen 1998) and to 
account for data being collected in periods with different day lengths each year, 
number of dives per hour, vertical travel rate and the proportion of time diving were 
calculated in relation to the length of the day the animal was at sea and not in 
relation to total trip duration (expressed as number of dives, vertical travel rate and 
proportion of time diving per hours of daylight). When trip duration was > 1 day, 
calculation of diving effort indices excluded nighttime period. Civil dawn and dusk 
times were calculated using the R package maptools (Bivand & Lewin-Koh 2014). 
To identify the feeding areas of individuals, the GPS tracks were linearly 
interpolated to estimate a location for each dive and kernel density estimates (Wood 
et al. 2000) of diving locations were generated with grid cells of 0.01°, averaged 
across individuals within a colony. The 50% kernel utilization distribution (KUD) 
was considered to represent the core foraging area and the 95% KUD the home 
range of instrumented individuals.  
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3.2.3. Local, meso- and macro-scale oceanographic conditions 
To investigate the possible influence of local ocean climate conditions on 
foraging behaviour, weekly means values of sea-surface temperature (SST, ºC, 
MODIS Aqua 5.5 km sst 8-day composite) and sea-surface chlorophyll-a 
concentration (Chl-a, mg.m-3, MODIS Aqua 2.5 km chla 8-day composite) (used as 
a proxy of primary productivity) were extracted within a spatial grid based on the 
geographic limits of the tracking data (Gabo Island: from 149º18’E to 150º18’E and 
from 37º30’S to 38º12’S; London Bridge: from 142º35’E to 143ºE and from 
38º36’S to 39º12’S; Figure 3.1) from BloomWatch 
(http://coastwatch.pfel.noaa.gov/coastwatch/CWBrowserWW360.jsp) using the 
Xtractomatic routine (http://coastwatch.pfel.noaa.gov/xtracto/). Data were extracted 
at the time of instrumentation for each study period (2011–2013). Additionally, 
wave height (m), wind speed (m.s-1) and wind direction (º) were used to 
characterize potential storm surges associated with severe storm events. Values 
were obtained from Buoyweather (http://www.buoyweather.com/index2.jsp) at two 
locations in the proximity of the breeding colonies (Gabo Island: 150ºE - 38ºS; 
London Bridge: 143ºE – 39ºS) as 3 hourly readings and converted to daily means. 
Finally, to investigate the influence of local environmental variables on the timing 
of breeding, weekly means values of SST and Chl-a were averaged monthly for 
each year (2011-2013) within the same regions, as described above.  
To investigate the possible influence of larger processes that could affect 
resources availability and distribution, the strength of the Bonney Upwelling (meso-
scale process, Figure 3.1) was characterized by SST values (i.e. cooler SST 
indicates a stronger upwelling, Middleton & Bye (2007)). Weekly SST were 
characterized by extracting weekly SST composites during the austral summer prior 
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to each breeding season (from January to March 2011-2013) within a zone between 
36° - 38.5°S along the south-eastern coast of mainland Australia to the 1000 m 
isobath (i.e. edge of the continental plateau) (Nieblas et al. 2009, Hobday & Hartog 
2014). On a larger scale, the Southern Oscillation Index (SOI) was used as a proxy 
of macro-scale oceanographic process. El Niño Southern Oscillation (ENSO) is 
known to strongly influence environmental conditions in south-eastern Australia 
(Ashok et al. 2003) and sustained positive values of SOI (higher than +8) and 
negative values (lower than -8) often indicate La Niña and El Niño episodes, 
respectively. Monthly means of SOI (August-November) were obtained from the 
Australian Bureau of Meteorology 
(www.bom.gov.au/climate/current/soihtm1.shtml) from August to December for 
each study period (2011-2013).  
3.2.4. Statistical analysis 
Because some individuals double-clutched in some years, and in order to 
investigate short-term responses to environmental variability, inter-annual 
differences in reproductive parameters were tested with a Chi-square test for both 
the first clutch (when individuals were tracked) and the entire breeding season. 
One-way ANOVAs (or circular ANOVA for angular data) followed by Tukeys post 
hoc tests were used to assess inter-annual variations in BCI and foraging 
parameters. Dependent variables were transformed when necessary in order to meet 
normality. In addition, as a significant correlation was found between trip duration 
and day length (r2 = 0.75, p < 0.001), this dependent variable was standardized by 
day length at the time of deployment.  
Generalized least-square models (GLS) with an auto-regressive correlation 
structure (i.e. to account for temporal correlation in the time series) were used to 
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assess inter-annual variation in environmental variables. GLS models were fitted to 
the data using the nlme package (Pinheiro et al. 2013). Then, linear models were 
used to determine the effect of the local environmental conditions on foraging effort 
between years for each breeding colony. Because vertical travel rate and proportion 
of time spent diving were highly correlated (r2 = 0.87, p < 0.001), proportion of 
time spent diving was chosen as an index of foraging effort in the models. Prior to 
modelling, explanatory variables were standardized (Zuur et al. 2007). Pair-wise 
Spearman rank correlation coefficients were then calculated to identify collinear 
predictors. When pairs of predictor variables were strongly correlated (|rs| > 0.5), 
univariate models with only one of the predictors were run and the predictor that led 
to the lowest Akaike Information Criteria (AIC) (Burnham & Anderson 2002) was 
selected. Linear models with proportion of time spent diving as a response variable 
and uncorrelated environmental conditions as explanatory variables were used. 
Models were then ranked based on their AIC corrected for small sample sizes 
(AICc) values and the difference in AICc (ΔAICc). Akaike weight (wi), which 
represents the relative likelihood of candidate models (Burnham & Anderson 2002), 
was calculated for each model. All analyses were conducted within the R statistical 
environment (R Developement Core Team 2013). Unless stated otherwise, data are 
presented as Means ± SD and significance level was set at α = 0.05. 
 
3.3. RESULTS 
3.3.1. Foraging behaviour and habitat use  
Complete foraging trips and dive profiles were obtained from a total of 210 
individuals (see Table 3.1 for details) and data were analysed per breeding stage. 
Due to logistical constraints, few individuals were sampled during the post-guard 
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stage at London Bridge in 2011 and their data, while presented in summary, were 
excluded from further statistical analyses. In addition, no stratification of the waters 
was observed during the study period in any of the dive profiles recorded at any 
time. While the influence of sex was investigated, no significant differences were 
observed in foraging trip parameters at Gabo Island (trip duration: F = 0.04, p = 
0.83; total distance travelled: F = 1.63, p = 0.20 and maximum distance from the 
colony: F = 1.00, p = 0.32) and at London Bridge (trip duration: F = 0.03, p = 0.87; 
total distance travelled: F = 0.006, p = 0.94 and maximum distance from the 
colony: F = 0.03, p = 0.86). Concurrently, no significant differences were observed 
in diving behaviour trip at Gabo Island (number of dives per hour of daylight: F = 
0.74, p = 0.39; maximum depth: F = 1.99, p = 0.17 and vertical travel rate: F = 3.76, 
p = 0.06) and at London Bridge (number of dives per hour of daylight: F = 0.23, p = 
0.63; maximum depth: F = 0.43, p = 0.51 and vertical travel rate: F = 0.98, p = 
0.33). Therefore, data for females and males were pooled.  
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Table 3. 1. Inter-annual comparison of mean (± SD) trip parameters of adult little penguins rearing chicks during guard stage and post 
guard stage at two breeding colonies. Significant results are indicated in bold and homogeneous subsets (p > 0.05) are indicated by 
superscripts. 
*Results for London Bridge during the post-guard stage 2011 were not included in the analysis 
 Breeding stage Guard stage    Post guard stage    
Colony Years 2011 2012 2013 Statistics df p 2011 2012  2013  Statistics df p-value 
 
Gabo 
Island 
 
Birds tracked 17 27 32    10 12 16    
Trip duration (h) 15.7 ± 0.3 13.5 ± 1.2  16.3 ± 8.7  3.07 2, 73 0.05  17.4 ± 1.3 19.1 ± 9.1 20.1 ± 13.1 0.49 2, 35 0.61 
Total distance travelled 
(km) 
49.3 ± 11.0 47.6 ± 8.1 51.5 ± 24.0 0.09 2, 73 0.91 49.0 ± 14.4  52.9 ± 28.5  50.9 ± 30.5 0.06 2, 35 0.94 
Maximum distance (km) 14.2 ± 5.3a 19.9 ± 4.4b  20.9 ± 9.8b  8.28 2, 73 <0.001 14.7 ± 8.3 19.9 ± 13.0  16.4 ± 11.7  1.16 2, 35 0.33 
Bearing (°) 215.3 ± 24.6a  176.7 ± 41.1b 198.4 ± 34.9a,b  6.94 2, 73 0.001 233.1 ± 21.0a 231.0 ± 18.9a  205.0 ± 33.6b 4.36 2, 35 0.02 
Home range (km2) 94.5 ± 79.4a  145.6 ± 60.5b  207.7 ± 347.1b  5.16 2, 73 0.008 134.9 ± 147.2 149.2 ± 278.5 171.3 ± 269.5 0.01 2, 35 0.99 
Foraging area (km2) 27.1 ± 24.1a 40.5 ± 18.1b 53.6 ± 97.2a,b 3.16 2, 73 0.04 36.7 ± 42.6 39.8 ± 81.0 48.7 ± 79.7 0.04 2, 35 0.95 
London 
Bridge 
Birds tracked 17 25 26    4* 17 7    
Trip duration (h) 14.9 ± 0.8 15.0 ± 5.8  15.3 ± 2.4 0.09 2, 65 0.91 15.2 ± 0.5 16.0 ± 6.4 15.7 ± 0.5 0.49 1, 22 0.49 
Total distance travelled 
(km) 
49.1 ± 15.9 42.5 ± 25.2 43.3 ± 7.8 1.44 2, 65 0.25 39.1 ± 11.8 60.6 ± 18.8 38.8 ± 11.8 11.76 1, 22 0.002 
Maximum distance (km) 13.4 ± 6.0 15.3 ± 12.1 16.9 ± 4.3 2.92 2, 65 0.06 12.2 ± 4.6  25.9 ± 6.5 12.5 ± 6.1 27.81 1, 22 <0.001 
Bearing (°) 224.1 ± 33.7 212.9 ± 29.3  209.7 ± 28.9 1.49 2, 65 0.23 226.8 ± 18.2 204.4 ± 15.8 231.2 ± 43.6 5.11 1, 22 0.03 
Home range (km2) 93.5 ± 92.6a,b 124.8 ± 242.3b 141.7 ± 71.6a 4.87 2, 65 0.01 62.5 ± 35.4 275.7 ± 178.9 97.8 ± 72.1 14.18 1, 22 0.001 
Foraging area (km2) 24.9 ± 27.8a,b 34.7 ± 73.1b 38.9 ± 22.3a 4.82 2, 65 0.01 16.4 ± 10.2 65.9 ± 38.6 22.0 ± 14.1 13.98 1, 22  0.001 
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Significant inter-annual differences in at-sea movements during the guard 
stage, when individuals alternate daily between brooding and foraging, were 
found only at Gabo Island. Maximum distance from the colony was greater in 
2012 and 2013 than in 2011 (F2,73 = 8.28, p < 0.001, Table 3.1). In addition, 
Circular ANOVA revealed differences (F2,73 = 6.94, p = 0.001) in the average 
bearing between 2011 and 2012, with birds travelling in a more southerly 
direction in 2012. During post-guard stage, significant inter-annual differences 
were found at both colonies. At Gabo Island, individuals travelled in a more 
southerly direction in 2013 (F2,35 = 4.36, p = 0.02) than in the other two years but 
to similar distances. At London Bridge, distance travelled and maximum distance 
from the colony were greater in 2012 than 2013 (F1,22 = 11.76, p = 0.002 and F1,22 
= 27.81, p < 0.001, respectively) but individuals travelled in a more south-
westerly direction in 2013 (F1,22 = 5.11, p = 0.03). 
At Gabo Island, during the guard stage, the number of dives per hour of 
daylight was lower in 2011 (F2,73 = 14.36, p < 0.001, Table 3.2). However, dive 
depth and proportion of time spent diving were greater, and dive efficiency was 
significantly lower, in 2013 than the other two years (F2,73 = 12.54, F2,73 = 14.02, 
F2,73 = 29.88 respectively, p < 0.001 in all cases). In contrast, during the guard 
stage at London Bridge the number of dives per hour, vertical travel rate and 
proportion of time spent diving were higher in 2011 (F2,65 = 13.99, F2,65 = 27.51, 
F2,65 = 13.03 respectively and p < 0.001 in all cases). Dive depth was higher in 
2011 and 2013 than in 2012 (F2,65 = 16.35, p < 0.001). However, diving efficiency 
was lower in 2013 (F2,65 = 16.63, p < 0.001). Significant inter-annual differences 
in diving behaviour during the post-guard stage were only found at Gabo Island 
with the proportion of time spent diving being lower in 2012 than in 2013 (F2,35 = 
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3.97, p = 0.02), and diving efficiency was lower in 2013 (F2,65 = 41.04, p < 
0.001).
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Table 3. 2. Inter-annual comparison of mean (± SD) diving parameters of adult little penguins rearing chicks during guard stage and 
post-guard stage at two breeding colonies. The vertical travel rate represents the total vertical distance (ascent + descent) travelled per hour of 
daylight. The proportion of time spent diving represents the sum of time submerged as a proportion of daylight hours. Dive efficiency was 
calculated as bottom time duration/[dive duration + post-dive duration]. Significant results are indicated in bold and homogeneous subsets (p > 
0.05) are indicated by superscripts. 
*Results for London Bridge during the post-guard stage 2011 were not included in the analysis
 Breeding stage Guard stage    Post guard stage    
Colony Years 2011  2012 2013 Statistics df p 2011 2012 2013  Statistics df p-value 
 
Gabo 
Island 
 
Birds tracked 17 27 32    10 12 16    
Number of dives per 
hour of daylight 
30.2 ± 16.7a 38.6 ± 19.6b 43.7 ± 19.2b 14.36 2, 73 <0.001 34.7 ± 22.0 30.8 ± 19.4 40.0 ± 20.2 2.08 2, 35 0.14 
Dive depth (m) 9.8 ± 6.8a 8.8 ± 5.9a 12.7 ± 7.7b 12.54 2, 73 <0.001 9.5 ± 8.2 10.3 ± 7.7 11.4 ± 7.9 1.49 2, 35 0.24 
Vertical travel rate 
(m·h-1) 
772.9 ± 
516.9a 
908.8 ± 
528.5a 
1199.9 ± 
605.0b 
11.84 2, 73 <0.001 
869.8 ± 
513.3 
742.3 ± 
591.3 
941.6 ± 533.2 1.28 2, 35 0.29 
Time diving (%) 27.9 ± 7.1a 35.2 ± 12.4a 44.8 ± 11.1b 14.02 2, 73 <0.001 32.0 ± 
13.8a,b 
28.0 ± 8.7a 38.4 ± 7.9b 3.97 2, 35 0.02 
Dive efficiency  0.22 ± 0.16a 0.27 ± 0.17a 0.17 ± 13.0b 29.88 2, 73 <0.001 0.26 ± 0.17a 0.22 ± 0.16a 0.14 ± 0.12b 41.04 2, 35 <0.001 
London 
Bridge 
Birds tracked 17 25 26    4* 17 7    
Number of dives per 
hour of daylight 
42.2 ± 14.5a 27.5 ± 15.7b 29.6 ± 17.5b 13.99 2, 65 <0.001 26.2 ± 15.6 31.1 ± 20.8 45.8 ± 25.2 2.00 1, 22 0.17 
Dive depth (m) 11.0 ± 6.0a 7.1 ± 4.6b 9.2 ± 5.4c 16.35 2, 65 <0.001 10.1 ± 6.1 6.8 ± 5.2 6.8 ± 4.1 0.01 1, 22 0.93 
Vertical travel rate 
(m·h-1) 
1056.4 ± 
421.2a 
496.1 ± 
312.3b 
574.5 ± 389.0b 27.51 2, 65 <0.001 
642.2 ± 
439.3 
531.5 ± 
370.1 
625.6 ± 326.2 0.26 1, 22 0.43 
Time diving (%) 42.3 ± 8.5a 22.0 ± 15.2b 27.2 ± 13.2b 13.03 2, 65 <0.001 25.8 ± 4.8 21.0 ± 13.8 30.4 ± 17.5 1.47 1, 22 0.73 
Dive efficiency 0.18 ± 0.15a 0.21 ± 0.16a 0.14 ± 0.11b 16.63 2, 65 <0.001 0.17 ± 0.15 0.21 ± 0.17 0.18 ± 0.11 1.66 1, 22 0.21 
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During the guard stage, little penguins fed close to their respective colonies. 
At Gabo Island, feeding hotspots were mainly located southwest of the colony 
(Figure 3.2A), except in 2012 where the core foraging area distribution extended 
more to the south. Home range and core foraging area were significantly smaller 
in 2011 (F2,73 = 5.16, p = 0.008 and F2,73 = 3.16, p = 0.04, Table 3.2). Core 
foraging areas overlapped by 51% between 2011 and 2012, 63% between 2011 
and 2013, and 55% between 2012 and 2013. Home range areas overlapped by 
65% between 2011 and 2012, 61% between 2011 and 2013, and 73% between 
2012 and 2013.  
At London Bridge, during the guard stage, feeding hotspots were also 
primarily located southwest of the colony (Figure 3.2B). Home range and core 
foraging area were significantly smaller in 2013 than in 2012 (F2,65 = 4.87, p = 
0.01 and F2,65 = 4.82, p = 0.01). Core foraging areas overlapped by 62% between 
2011 and 2012, 55% between 2011 and 2013, and 63% between 2012 and 2013. 
Home range areas overlapped by 62% between 2011 and 2012, 63% between 
2011 and 2013, and 77% between 2012 and 2013.  
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Figure 3. 2. Results of a kernel density estimate analysis weighted by geo-
referenced dives for little penguins foraging from (A) Gabo Island and (B) 
London Bridge breeding colonies in relation to guard stage (yellow) and post-
guard stage (blue) in 2011, 2012 and 2013 (data presented for post-guard stage at 
London Bridge in 2011 are strictly informative). Darker shade colors represent the 
core foraging area (50% KUD contour), while partially transparent colors 
represent the home range (95% KUD contour). The dashed line indicates the 
location of the 200 m isobath.  
During the post-guard stage at Gabo Island, core foraging area was also 
distributed southwest of the colony during the three consecutive years (Figure 
3.2A). In contrast, home range distribution varied across years. In 2011, some 
individuals extended their distribution further away from the colony, beyond the 
continental shelf, while still following a southwesterly bearing. In 2013, some 
individuals were found to visit areas east and southeast off the colony. Yet, no 
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significant differences were found in core foraging area or home range between 
years. Core foraging areas overlapped by 59% between 2011 and 2012, 63% 
between 2011 and 2013, and 43% between 2012 and 2013. Home range areas 
overlapped by 62% between 2011 and 2012, 49% between 2011 and 2013; and 
52% between 2012 and 2013.  
During the post-guard stage at London Bridge, core foraging area and home 
range distributions varied between 2012 and 2013 (Figure 3.2B). Core foraging 
area was located up to 15 km from the colony to southwest and south-southwest 
in 2012 whereas it was very close to the shore in 2013. Core foraging and home 
range were significantly greater in 2012 (F1,22 = 14.18, p = 0.001 and F1,22 = 
13.98, p = 0.001, Table 3.1). Core foraging area overlapped by 30% between 2012 
and 2013. Home range areas overlapped by 51% between 2012 and 2013. 
 
3.3.3. Influence of environmental conditions  
The above inter-annual differences in foraging behaviour coincided with 
substantial differences observed in environmental parameters (local, meso- and 
macro-scale) between the breeding seasons (Table 3.3). At Gabo Island, average 
wind direction was found to vary between years with south-easterly winds in 2011 
and 2012, and south-westerly winds in 2013 (F2,180 = 4.07, p = 0.02), when 
foraging effort was greater. At a local scale, colony-specific model selection 
determined that the model containing wind direction and Chl-a had the lowest 
AIC (Table 3.4); however, as the ΔAIC values of the first three top-ranked 
models ranged within 0–2 units, the candidate model containing wind direction 
only was retained. The proportion of time spent diving at Gabo Island (Table 3.4) 
was positively correlated with wind direction (Figure 3.3A). At London Bridge, 
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average wave height and wind speed were significantly higher in 2013 than in 
2011 and 2012 (F2,180 = 3.67, p = 0.02 and F2,180 = 8.57, p < 0.001 respectively, 
Table 3.3), and foraging effort was greater during the post-guard stage. The most 
parsimonious model indicated wave height influenced foraging effort (Table 3.4) 
with the proportion of time spent diving negatively correlated with wave height 
(Figure 3.3B). 
 
Figure 3. 3. Proportion of time spent diving (%) in response to variable 
conditions experienced over three breeding seasons (2011-2013) in a) wind 
condition and b) wave height. Solid black lines represent linear regression 
(model was based upon all individuals, N = 210) and dashed lines correspond to 
95% confidence intervals. Grey points with vertical lines indicate mean (±SD) 
proportion of time spent diving for each deployment period over which 
environmental data were considered.
 
On a meso-scale, significantly higher SST (F2,30 = 13.82, p < 0.001) off the 
Bonney Coast indicated a weaker Bonney Upwelling event during the Austral 
summer (January-March) 2013. This coincided with higher foraging effort 
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observed in 2013 breeding season (for both stages at Gabo Island and for post-
guard stage at London Bridge). On a macro-scale, a moderate La Niña event 
developed in 2011, when foraging effort was the lowest at Gabo Island and the 
greatest at London Bridge (both during guard stage). La Niña strengthened during 
the Austral summer, weakened and returned to neutral during winter and rose 
again in spring (yearly mean SOI value higher than +8). 
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Table 3. 3. Inter- annual comparison of mean (± SD) a) local conditions for the period covering the breeding season of little penguins 
(August-December) (sea surface temperature (SST), sea surface chlorophyll-a concentration (Chl-a)) and b) large- and meso-scale processes such 
as Southern Oscillation Index (SOI) over a yearly period and Bonney Upwelling sea surface temperatures (SST) covering the summer (January-
March) prior to the breeding season. Significant results are indicated in bold and homogenous subsets (p > 0.05) are indicated by superscripts.  
 
 
 
 
 
 
 
 
 
 
  Breeding season    
  2011 2012 2013 Statistic df p-value 
Local conditions        
Gabo Island 
SST (ºC) 15.7 ± 0.9  15.0 ± 0.6 15.5 ± 0.5  1.48 2, 43 0.24 
Chl-a (mg.m-3) 0.7 ± 1.0 0.9 ± 0.5 0.6 ± 0.8 0.11 2, 41 0.89 
Wave height (m) 1.8 ± 0.8 1.8 ± 0.8 1.9 ± 0.8 0.59 2, 180 0.56 
Wind speed (m.s-1) 8.7 ± 3.1 8.9 ± 3.4 7.8 ± 4.4 0.53 2, 180 0.59 
Wind direction (º) 142.5 ± 89.8a 160.2 ± 92.2a 219.9 ± 100.1b 4.07 2, 180 0.02 
London Bridge 
SST (ºC) 15.0 ± 0.3 14.7 ± 0.3 15.2 ± 0.3 1.48 2, 43 0.24 
Chl-a (mg.m-3) 0.3 ± 0.2 0.3 ± 0.1 0.3 ± 0.2 0.40 2, 37 0.67 
Wave height (m) 3.0 ± 1.2a 2.9 ± 0.8a 3.5 ± 1.4b 3.67 2, 180 0.02 
Wind speed (m.s-1) 7.7 ± 2.6a 7.0 ± 2.3a 9.6 ± 3.0b 8.57 2, 180 <0.001 
Wind direction (º) 188.3 ± 79.5 206.9 ± 75.6 215.3 ± 61.1 0.98 2, 180 0.38 
Large- and meso-scale 
processes 
       
 SOI 13.3 ± 9.0a -0.8 ± 5.7b 4.0 ± 5.8b,c 12.47 2, 33 <0.001 
 Bonney Upwelling SST (ºC) 17.3 ± 0.7a 17.6 ± 0.7a 18.8 ± 0.5b 13.82 2, 30 <0.001 
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Table 3. 4. Candidate models selected to explain the relationship between variation in little penguin foraging effort (expressed as the 
proportion of time spent diving) breeding at two different colonies and inter-annual fluctuations in oceanographic conditions (most parsimonious 
model is indicated in bold). Predictor variables included sea surface chlorophyll-a concentration (Chl-a), wave height (WaveH), wind direction 
(Windir), and sea-surface temperature (SST) during data logger deployment. AICc: adjusted Akaike’s Information Criteria; ωAICc: Akaike weight. 
 
 
 
 
 
 
 
 
 
 
Colony Candidate models K Log-likelihood AICc ΔAICc ωAICc 
Gabo Island 
Proportion of time spent diving:      
~Chl-a +Windir 4 85.6  -162.9 0 0.235 
~Windir 3 84.3 -162.3 0.6 0.177 
~Chl-a +Windir + SST 5 86.4 -162.2 0.7 0.165 
~ Chl-a +WaveH + Windir 5 85.6 -160.7 2.2 0.079 
~ Windir + SST 4 84.5 -160.7  2.2 0.077 
~ WaveH + Windir 4 84.5 -160.6 2.3 0.076 
~  Chl-a + WaveH + Windir + SST  6 86.5 -160.2 2.7 0.063 
~  Chl-a + WaveH + SST 5 85.0 -159.4 3.5 0.041 
 Proportion of time spent diving:      
London Bridge 
~ WaveH  3 58.8 -111.4 0 0.281 
~ Chl-a + WaveH + Windir 5 60.6 -110.4 1 0.171 
~ Chl-a + WaveH 4 59.4 -110.5 1.1 0.166 
~ WaveH + SST 4 59.0 -109.5 1.9 0.110 
~ WaveH + Windir 4 58.9 -109.2 2.2 0.096 
~  Chl-a + WaveH + Windir + SST 6 60.8 -108.6 2.8 0.069 
~  Chl-a + SST + WaveH 5 59.4 -108.2 3.2 0.055 
~ WaveH + Windir + SST 5 59.4 -108.0 3.4 0.051 
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3.3.2. Breeding chronology and reproductive performance  
The chronology of breeding varied between years at both colonies. At Gabo 
Island, peak-laying occurred in October in 2011 and August in 2012 and 2013 
while at London Bridge, peak-laying occurred in July in 2011, September in 2012 
and October in 2013. These variations in chronology were associated with local 
SST and Chl-a concentration (Figure 3.4A and 3.4B respectively). While peak-
laying occurred within different temperature ranges at both locations, it occurred 
when it reached a nadir in the cycle for both colonies, between 14.8 ± 0.7ºC and 
16.1 ± 1.1ºC at Gabo Island and between 14.0 ± 0.3ºC and 15.2 ± 0.8ºC at London 
Bridge. Similarly, while peak-laying occurred either during or after the peak of 
Chl-a concentration each year, the absolute values of these peaks differed 
between colonies.  
 
Figure 3. 4. Monthly sea surface temperature (SST, ºC) (A) and sea surface 
chlorophyll-a concentration (Chl-a, mg.m-3) (B) in the vicinity of the breeding 
colonies during the study period (2011-2013). Values are represented in grey for 
Gabo Island and in black for London Bridge. Arrows indicate the peak egg-laying 
date for the first clutch at Gabo Island (grey) and London Bridge (black). 
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For the first clutch raised, significant inter-annual differences in reproductive 
parameters were only found at London Bridge with the number of chicks hatched 
and fledged per pair lower in 2013 than in 2011 and 2012 (χ2 = 13.67, p = 0.008 
and χ2 = 28.01, p < 0.001, respectively, Table 3.5). For the whole breeding season 
(first and second clutches combined), significant inter-annual differences were 
found in the number of chicks hatched per pair at London Bridge (χ2 = 20.65, p < 
0.001, Table 3.5). In addition, the number of fledglings per pair was significantly 
lower in 2013 than in 2011 and 2012 at both colonies (Gabo Island: χ2 = 37.18, p 
< 0.001 and London Bridge: χ2 = 47.71, p < 0.001). Furthermore, while double-
clutching occurred in 29%, 26% and 3% of the breeding pairs at London Bridge in 
2011, 2012 and 2013, respectively, it occurred at Gabo Island only in 2012 and 
2013 (39% and 33% of the breeding pairs, respectively). 
Over the three years, adults breeding at London Bridge were on average 91.4 
g heavier (1160.0 ± 132.7 g) than individuals from Gabo Island (1068.6 ± 117.6 
g) (F1,201 = 26.9, p < 0.001). However, differences in structural size were also 
found with birds from London Bridge being larger in bill depth (14.1 ± 1.3 mm) 
and flipper length (123.5 ± 4.3 mm) than birds at Gabo Island (13.7 ± 1.0 mm and 
121.7 ± 4.7 mm, respectively) (F1,201 = 6.29, p = 0.01 and F1,201 = 6.29, p = 0.01). 
Nonetheless, London Bridge individuals were in a significantly greater body 
condition than those at Gabo Island (F1,201 = 11.96, p < 0.001). Adult body 
condition at London Bridge did not vary between years, whereas Gabo Island 
individuals were in a poorer condition in 2012 and 2013 (F2,112 = 4.18, p = 0.018).  
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Table 3. 5. Inter-annual comparison of mean (± SD) reproductive parameters of little penguins recorded over three consecutive years for 
the first clutch when birds were tracked and for the overall breeding season. Nest is the total number of nests monitored each year during 
first (n1) and second (n2) clutches. Significant results are indicated in bold and homogeneous subsets (p > 0.05) are indicated by superscripts. 
 
  First clutch    Overall breeding season    
Colony Study year 2011 2012 2013 Statistics df p 2011 2012 2013 Statistics df p-value 
Gabo 
Island 
Nest n1/n2 123 108 117    123 / 0 108 / 42 117 / 39    
Eggs laid per pair 2 ± 0 2 ± 0 2 ± 0 0.74 2 0.690 2 ± 0 1.89 ± 0.04 2 ± 0 1.74 2 0.419 
Chicks hatched per pair 1.80 ± 0.54 1.78 ± 0.60 1.81 ± 0.54 3.24 4 0.518 1.80 ± 0.54 1.82 ± 0.51 1.81 ± 0.52 2.66 4 0.617 
Chicks fledged per pair 1.59 ± 0.72 1.48 ± 0.78 1.30 ± 0.89 8.23 4 0.083 1.59 ± 0.72a 1.53 ± 0.76a 1.06 ± 0.85b 35.18 4 <0.001 
Body condition index  0.02 ± 0.10a -0.03 ± 0.08b -0.04 ± 0.10b 4.18 2, 112 0.018 - - - - - - 
Proportion of double clutch 
(%) 
- - - - - - 0 0.39 0.33 - - - 
London 
Bridge 
Nest n1/n2 68 70 64    68 / 20 70 / 18 64 / 2    
Eggs laid per pair 1.99 ± 0.12 1.95 ± 0.27 1.91 ± 0.29 5.37 4 0.251 1.99 ± 0.09 1.94 ± 0.21 1.32 ± 0.27 5.99 4 0.199 
Chicks hatched per pair 1.60 ± 0.72a 1.37 ± 0.85a 1.20 ± 0.86b 13.67 4 0.008 1.24 ± 0.65a 1.45 ± 0.68a 1.16 ± 0.82b 20.65 4 <0.001 
Chicks fledged per pair 1.31 ± 0.89a 0.81 ± 0.90a 0.44 ± 0.75b 28.01 4 <0.001 1.44 ± 0.79a 0.76 ± 0.87a 0.44 ± 0.74b 47.71 4 <0.001 
Body condition index -0.003 ± 0.09 0.02 ± 0.11  0.05 ± 0.11 1.53 2, 92 0.22 - - - - - - 
Proportion of double clutch 
(%) 
- - - - - - 0.29 0.26 0.03 - - - 
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3.4. DISCUSSION 
3.4.1. Influence of environmental conditions on foraging behaviour 
Consistent with previous reports, the results of the present study indicate little 
penguins are flexible in their foraging behaviour and can adjust their activity 
budgets in relation to breeding stage and local environmental conditions (Weavers 
1992, Collins et al. 1999, Chiaradia et al. 2007). At Gabo Island, foraging effort 
was found to increase with westerly winds. This suggests that southerly winds 
forced the cold sub-Antarctic water towards Gabo Island (Gibbs et al. 1986) 
promoting primary productivity and secondary consumers. Adults were also 
found to travel further from the colony and increase their home range during the 
guard stage (when parents alternate daily between brooding and foraging (Stahel 
et al. 1987)) in 2012 and 2013 suggesting prey were more dispersed at this time. 
Concurrently, individuals displayed greater foraging effort (i.e. time spent diving, 
dive depth) suggesting prey were also in lower density or at deeper depths at this 
time (Frederiksen et al. 2006). In contrast, during the post-guard stage (when both 
parents forage at the same time) more individuals conducted multi-day trips in 
2012 and 2013 than in 2011. This is consistent with adults being less restricted in 
their foraging range during the post-guard stage as the chicks can fast longer 
(Stahel et al. 1987) and, thus, be more flexible. Furthermore, as individuals at 
Gabo Island also increased foraging effort (time spent diving) during the post-
guard stage in 2013, this suggests food availability might have been very low, 
causing individuals to increase their effort despite the ability to forage over 
several days enabling them to exploit more distant foraging grounds.  
At London Bridge, the foraging effort appeared to be reduced by an increase in 
wave height. Firstly, it is possible that this behavioural response is not related to 
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prey availability but instead to sea-state (i.e. surface condition). Rough seas could 
lead to a decrease in foraging effort because birds have to spend more energy 
commuting (e.g. swimming against the current). Another explanation is that prey 
behaviour could be modified under rough swell conditions (i.e. prey dispersing), 
altering the individuals’ ability to find and/or capture prey (Finney et al. 1999). 
During guard stage in 2012, individuals had greater foraging range and as a 
colony exploited greater foraging areas; however, individuals did not increase the 
total distance travelled. In contrast, during late chick-rearing the same year, 
individuals travelled greater total distances and ventured further from the colony 
but without increasing their diving effort. These results suggest that the 
probability of locating resources was lower during post-guard stage but once a 
prey patch was located, they did not increase their diving effort. Yet, the small 
number of individuals instrumented in 2013 might have influenced the results. 
Contrary to the results of previous studies, which found that the absence of a 
thermocline in central Bass Strait was associated with a reduction in foraging and 
reproductive success (Ropert-Coudert et al. 2009)(Ropert-Coudert et al. 2009 ; 
Pelletier et al. 2012 ), no stratification of the water masses was observed in any of 
the dive profiles recorded throughout the study period. Yet, differences in 
foraging behaviour, diving effort and breeding success were observed at both 
breeding colonies. The presence of a thermocline has been observed off the 
Bonney Coast due to the presence of the upwelling in January–March (Middleton 
and Bye 2007 ), therefore after individuals were instrumented. Furthermore, the 
observation that foraging effort at Gabo Island (both during guard and post-guard 
stage) was greater in 2013 suggests that the influence of the nutrient cascade 
driven by the Bonney Upwelling may extend as far as eastern Bass Strait. 
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The observation that foraging effort at Gabo Island (both during guard and 
post-guard stage) was greater in 2013 suggests that the influence of the nutrient 
cascade driven by the Bonney Upwelling may extend as far as eastern Bass Strait. 
On a meso-scale, differences in foraging effort were also related to the strength 
of the Bonney Upwelling (as indicated by SST). In 2013, higher SST reflected a 
weaker Bonney Upwelling that coincided with greater foraging effort in post-
guard stage only at London Bridge and also at Gabo Island (both during guard and 
post-guard stage). While the London Bridge colony is close to the Bonney 
Upwelling and under its direct influence, effects of the Bonney Upwelling have 
previously been reported throughout Bass Strait. For example, Australian fur seals 
(Arctocephalus pusillus) pup production in central Bass Strait has been found to 
be negatively correlated to SST in the Bonney Upwelling in the previous austral 
summer (Gibbens & Arnould 2009). Therefore, changes in this major feature (e.g. 
increasing SST leading to a reduction of productivity) could potentially affect 
prey distribution and availability for penguins. The relatively warm SST recorded 
along the Bonney Coast during the austral summer of 2013 could have influenced 
the growth and/or survival of prey species, leading to fewer resources being 
available for little penguins during the breeding season later in the year. 
On a larger scale, while a La Niña event developed in 2011 in south-eastern 
Australia (sustained positive SOI values), our results suggested that foraging 
effort at Gabo Island could be impacted positively (i.e. reduced) by ENSO 
conditions. Rather than affecting directly the little penguins, SOI values 
encountered during the study period could have influenced conditions that were 
affecting prey species distribution. During La Niña event, local conditions are 
usually characterized by cooler waters, increasing prey resources available for 
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seabirds through enhancement of local primary productivity (Behrenfeld et al. 
2001). This could ultimately lead to above average breeding success during La 
Niña years (Ainley et al. 1995).  
3.4.2. Provisioning effort and reproductive outcomes 
Consistent with the increase in foraging effort indicating lower food 
availability, individuals had lower reproductive success in 2012-2013. This could 
indicate that despite higher foraging effort, individuals could not compensate for 
food reduction to maintain both steady provisioning to chicks and their body 
condition, suggesting that resources allocation between parents and offspring 
might be the main process determining reproductive success (Watanuki et al. 
1993, Wendeln & Becker 1999, Takahashi et al. 2003).  
In accordance with the observations of the present study, lower breeding 
performances were also observed for a scale of other species across Bass Strait 
(e.g. Australasian gannets, Angel et al. unpublished data; short-tailed shearwaters, 
Berlincourt et al. unpublished data; and Australian fur seals, Arnould et al. 
unpublished data) in the summer of 2012/13, suggesting an overall reduction in 
prey availability in the region. At Gabo Island, birds had a lower body condition 
in 2012–2013 suggesting that they used stored body reserves in an attempt to 
buffer reproductive success when unable to acquire sufficient food for both chick 
provisioning and self-maintenance (Waugh & Weimerskirch 2003). Such 
buffering could compromise survival during the winter non-breeding period if 
individuals are unable to regain sufficient body condition at the end of the 
breeding season (Chastel et al. 1995, Lescroël et al. 2009). The observations of 
the present study highlight that decisions to increase foraging activity for the 
current reproductive effort could potentially impact future reproductive potential 
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(Stearns 1992, Dall & Boyd 2002). Surprisingly, in contrast, individuals at 
London Bridge did not vary in their body condition between breeding seasons 
despite increases in foraging effort. This suggests that individuals breeding at 
London Bridge have more scope for increasing their foraging effort to compensate 
for reductions in prey availability.  
Other factors such as increased wind speed might also have played a role in 
the pattern observed in 2012 and 2013. Frequent storm surges were observed 
during the study period at the London Bridge colony, affecting nesting habitat and 
sweeping away eggs laid in exposed and/or shallow burrows (pers. obs.). Weather 
events such as storms can have a strong impact on the reproductive success of 
seabirds by affecting terrestrial habitats directly exposed to extreme 
environmental disturbances (Dann & Chambers 2013). Storm activity could lead 
to increased flooding of burrows from rain or washing away of burrows with sand 
erosion. 
Inter-annual variations in the fledging success for the first clutch were only 
observed at London Bridge (lower in 2013), while differences were observed at 
both colonies for the whole breeding season (i.e. first and second clutches). 
Interestingly, even though none of the study animals at Gabo Island produced a 
second clutch in 2011, overall success was high (comparable to 2012) 
highlighting the poor conditions of 2013 (when overall success was lowest).  
Whether individuals attempt a second clutch is influenced by how early breeding 
commences each season.  The later adults start to breed, the less chances they 
have to produce a second clutch (no second clutch at Gabo Island in 2011 and 
only two pairs double clutching at London Bridge in 2013).  
Environmental conditions and foraging behaviour in LP                          Chapter 3 
 65 
The results of the present study also indicate a link between the chronology of 
breeding in little penguins and local environmental variables such as SST and sea-
surface Chl-a. Our results suggest that the earlier changes in SST and/or sea-
surface Chl-a occur, the earlier they will lay eggs. Double breeders are likely to 
have a higher reproductive success as they may raise twice as many chicks as 
pairs laying one clutch (Johannesen et al. 2003). Therefore, delays in the timing of 
these events may negatively impact overall breeding success with the potential 
reduction in double clutching (Perriman et al. 2000). Furthermore, while the 
absolute values in SST and Chl-a were different between years and locations, 
peak egg-laying for the first clutch occurred at approximately the lowest and 
highest levels of these variables, respectively, in annual cycles at both colonies. 
Variation in SST has previously been reported to correlate with the timing of 
breeding in little penguins (Mickelson et al. 1992, Chambers 2004, Cullen et al. 
2009, Cannell et al. 2012). However, the patterns and mechanisms by which SST 
influence laying date remain unclear. Indeed, whereas Cullen et al. (2009) 
proposed that warmer SST prior to the breeding season was associated with 
earlier egg laying, Mickelson et al. (1992) proposed that a decrease in SST in 
July-August was associated with early egg-laying. While variation in SST is 
known to influence the distribution of clupeoid fish (Castillo et al. 1996), the main 
prey for little penguins (Chiaradia et al. 2010), the observation that the peak of 
laying occurred at each site when SST was lowest but not necessarily at the same 
values suggests that little penguins may use the rate of change in water 
temperature as a cue to commence breeding (Schaper et al. 2012). Furthermore, 
the time lag between increases in primary productivity (as evidenced by Chl-a 
concentration) and increases in prey availability for marine predators can be up to 
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several months (Ward et al. 2006, Neira & Keane 2008). It is unlikely, therefore, 
that individuals timed their breeding in response to changes in prey availability 
brought on by rising Chl-a. However, penguins might be able to detect increased 
turbidity in the water (i.e. due to increased Chl-a concentration) indicating 
potential prey availability/accessibility, enhanced by local oceanographic 
conditions (Hunt 1991).  
In summary, this study has highlighted how local, meso- and macro-scale 
environmental parameters can influence foraging success and, consequently, 
breeding performance in little penguins. It emphasized the importance of 
behavioural plasticity in both space and time, which may represent an important 
mechanism enabling little penguins to cope with oceanographic variability over 
the breeding period. However, while the complex oceanographic processes around 
Australia, in particular the main currents directly effecting little penguins (e.g. 
EAC, Leeuwin current, Bonney Upwelling) have been predicted to alter with 
anticipated climate change (Ridgway & Hill 2009, Brown et al. 2010), this study 
also suggests that under certain circumstances, these individual strategies will not 
be sufficient to cope with future changes in food availability and/or impacts in 
their terrestrial habitat. 
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CHAPTER FOUR 
COMBINED USE OF GPS AND ACCELEROMETRY 
REVEALS FINE SCALE THREE-DIMENSIONAL 
FORAGING BEHAVIOUR IN THE SHORT-TAILED 
SHEARWATER 
 
 
 
 
 
 
 
 
  
                                           
                                                                                                        Martine Fournier 
 
 
 
A version of this chapter has been submitted for publication as: Berlincourt M., 
Angel L.P, Arnould J.P.Y (in review) Combined use of GPS and Accelerometry 
reveals fine scale three dimensional foraging behaviour in the short-tailed 
shearwater. PloS ONE
At-sea behaviour in short-tailed shearwaters                                             Chapter 4 
 68 
ABSTRACT 
Determining the foraging behaviour of free-ranging marine animals is 
fundamental for assessing their habitat use and how they may respond to changes 
in the environment. However, despite recent advances in bio-logging technology, 
collecting information on both at-sea movement patterns and activity budgets still 
remains difficult in small pelagic seabird species due to the constraints of 
instrument size. The short-tailed shearwater, the most abundant seabird species in 
Australia (ca 23 million individuals), is a highly pelagic procellariiform. Despite 
its ecological importance to the region, almost nothing is known about its at-sea 
behaviour, in particular, its foraging activity. Using a combination of GPS and tri-
axial accelerometer data-loggers, the fine scale three-dimensional foraging 
behaviour of 10 breeding individuals from two colonies was investigated. Five at-
sea behaviours were identified: (1) resting on water; (2) flapping flight; (3) 
gliding; (4) foraging (i.e. surface foraging and diving events); and (5) taking-off. 
There were substantial intra- and inter- individual variations in activity patterns, 
with individuals spending on average 45.8% (range: 17.1-70.0%) of time at sea 
resting on water and 18.2% (range: 2.3-49.6%) foraging. Individuals made 76.4 ± 
65.3 dives per foraging trip (mean duration 9.0 ± 1.0 s), with dives also recorded 
during night-time. With the continued miniaturisation of recording devices, the 
use of combined data-loggers could provide us with further insights into the 
foraging behaviour of small procellariiforms, helping to better understand the 
interaction with their prey. 
 
Keywords: Tri-axial accelerometer, diving behaviour, habitat use, GPS tracking, 
procellariiforms, Puffinus tenuirostris. 
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4.1. INTRODUCTION 
Understanding and assessing the foraging behaviour of free-ranging marine 
animals is fundamental for determining their habitat use and responses to 
environmental change. However, for pelagic predators such as seabirds, it remains 
a constant challenge as they spend most of their time at sea, are highly mobile, 
and cover great distances. While at-sea distribution, species range expansion or 
changes in species abundance have been extensively investigated through vessel-
based surveys (Veit et al. 1996, Woehler 1996, Hyrenbach & Veit 2003, Yen et al. 
2005, Wynn et al. 2007), this method does not provide information about 
observed individuals’ breeding status or details of their at-sea behaviour necessary 
for long-term monitoring or to better understand individual species. 
Since the early 1990s, the study of the foraging behaviour and movement 
patterns of pelagic seabirds has been made possible by the development of 
miniaturized electronic technologies primarily based on VHF and satellite-
tracking telemetry (Jouventin & Weimerskirch 1990, Georges et al. 1997, 
Weimerskirch et al. 1999, Hamer et al. 2001). Information about foraging 
ecology, habitat utilisation or at-sea distribution related to the heterogeneity and 
the patchiness of prey resources has been published on a large range of seabird 
species (Weimerskirch et al. 1997, Magalhães et al. 2008, Davies et al. 2013, 
Wakefield et al. 2013). However, despite these major advances in biotelemetry, 
some challenges remain. Most of these techniques have limitations as they rely on 
indirect measures of foraging behaviour (Fauchald & Tveraa 2003, Jonsen et al. 
2005, Pinaud & Weimerskirch 2005, Tremblay et al. 2007, Wilson et al. 2013). 
Furthermore, it remains difficult to collect information about at-sea movement 
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patterns and activity budgets in small pelagic seabird species due to the 
constraints of instrument size (Vandenabeele et al. 2011). 
Until recently, equipment was unavailable to monitor the range of at-sea 
behaviours in small pelagic seabird species such as shearwaters. Most information 
available was collected through the use of GPS, geolocators, maximum depth 
gauges or time-depth recorders (Brown et al. 1978, Weimerskirch & Sagar 1996, 
Burger 2001, Peck & Congdon 2006, Ronconi et al. 2010, Rayner et al. 2011). 
Studies combining the use of different devices to investigate simultaneously 
movement patterns and the allocation of time at sea for foraging (both at the 
surface and underwater) were restricted to large seabird species (Ropert-Coudert 
et al. 2004, Weimerskirch et al. 2005b, Weimerskirch et al. 2009, Amelineau et al. 
2014, Rishworth et al. 2014). Animal-borne accelerometers have the potential to 
provide detailed information about behavioural modes of free-ranging animals 
because they allow recording behaviour directly (Spivey et al. 2014). Used in 
combination with GPS data-loggers, they are powerful tools to infer at-sea 
behaviour and activity budgets, with recent miniaturisation making them available 
for use on smaller species. 
The short-tailed shearwater (Puffinus tenuirostris, Temminck 1835) is a highly 
pelagic small-sized procellariiform. It is the most abundant seabird species in 
Australia, with approximately 23 million individuals breeding annually during the 
austral spring/summer (September to April) (Skira 1991). A single egg is laid the 
last week of November and incubated for approximately 53 days (hatching occurs 
around the 3rd week of January). Chick-rearing starts once egg hatches; adults 
provision their chick until late March or early April (Marchant & Higgins 1990). 
While short-tailed shearwaters are listed as “Least Concern” by the International 
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Union for Conservation of Nature (IUCN), populations in south-eastern Australia 
have recently experienced important decreases (Vertigan et al. 2012). Despite 
numerous studies describing its foraging ecology (Einoder & Goldsworthy 2005, 
Einoder et al. 2011, Einoder et al. 2013) and ecological importance to the south-
eastern Australian region, little is known about its at-sea activity budget, in 
particular, related to its foraging behaviour (Skira 1979). 
During the chick-rearing period, short-tailed shearwaters use a bimodal 
foraging strategy involving repeated alternation between short foraging trips (1-3 
days) close to the breeding colony (within 30 – 70 km of the colony; Einoder & 
Goldsworthy (2005)) and longer foraging trips (9-17 days) to distant waters of the 
Southern Ocean (> 1000 km; Weimerskirch & Cherel (1998)). Short trips allow 
the adults to maximise chick-provisioning rates, while performing long foraging 
trips allows self-replenishment of body reserves consumed during delivery of 
food to the chick (Weimerskirch & Cherel 1998). Assuming that higher energy 
costs occurring during short trips are due to greater foraging intensity (Shaffer et 
al. 2001), the aims of the present study were to investigate: 1) how individuals 
allocate their time at sea; and 2) to describe their diving activity during these 
nutritionally demanding periods.  
 
4.2. MATERIAL AND METHODS 
4.2.1. Study sites and animal handling procedures 
The study was conducted at Gabo Island Lighthouse Reserve (37°33’S, 
149°54’E) and Griffith Island, Port Fairy (38°22’S, 142°13’E), in south-eastern 
Australia, during the chick-rearing period in February 2012. Breeding populations 
are estimated at more than 6,000 pairs at Gabo Island (Fullagar & Heyligers 1996) 
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and 15,000 pairs at Griffith Island (Bowker 1980). Data were collected during the 
early chick-rearing period in February 2012. Burrows containing hatched chicks 
were monitored daily in order to identify adult attendance patterns. Chicks were 
weighed every night using a spring balance (± 5 g). Chicks were considered to 
have received a meal when their mass increased between weighing, whereas mass 
loss indicated no feeding event (see Weimerskirch & Cherel (1998)). Both adults 
were considered to be performing long trips when their chicks lost weight over 5 
consecutive days (Einoder et al. 2011). These burrows were targeted for GPS and 
accelerometer data logger deployments because the adults were likely to perform 
a short trip upon return. A one-way wooden trapdoor was fitted at the entrance of 
the burrow. Returning parents tripped a stick that closed the trapdoor when 
entering the burrow. Adults were left for ~30-40 minutes in the burrow to feed the 
chick and then captured for instrumentation. 
Body mass and morphometric measurements (bill length and depth, wing 
length) were taken using a spring balance (± 5 g) and Vernier callipers (± 1 mm). 
Individuals were then instrumented with an IgotU GT-120 GPS data logger 
(Mobile Action Technology, Taiwan) programmed to sample location every 5 min 
and a tri-axial accelerometer (GCDC X6-mini, Gulf Coast Data Concepts, USA) 
recording acceleration at 25 Hz. A single battery was used for both loggers in 
order to reduce total weight and packaged in heat-shrink tubing. Devices were 
attached with black waterproof tape (Tesa AG, Germany) to feathers on the dorsal 
midline (total weight including the waterproof casing was 19 g, < 3.5% of the 
total body mass). Procedures lasted < 10 min and, after the chick was weighed, 
individuals were returned to the nest to resume normal behaviour.  After 1 to 3 
days of deployment and upon of at least one foraging trip, birds were recaptured 
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in their burrows after they had fed their chick and the devices removed. In 
addition, a total of 50 nests at Gabo Island and 106 nests at Griffith Island were 
marked in study plots at the time of egg-laying in November 2011 and monitored 
throughout the breeding season to record the chronology of laying, hatching and 
fledging (and their respective success). Out of these, a total of 12 individuals at 
both colonies were instrumented with GPS data-loggers and accelerometers. Nest 
of instrumented birds were monitored after deployments and their success was 
compare with a Chi-square test to the one of the remaining nests (control group) 
in the studied areas. Success was not significantly different between both groups 
throughout the study period (Gabo Island: χ2 = 0.43, P = 0.51 and Griffith Island: 
χ2 = 0.39, P = 0.53). Consequently, the data recorded by the tri-axial 
accelerometers were assumed to represent normal at-sea behaviour and activity 
levels. 
 
4.2.2. Data processing and analysis 
To investigate habitat use, GPS tracks were analysed with the trip, 
adehabitatHR and adehabitatLT packages (Calenge 2006, Sumner 2012) within 
the R statistical environment (R Developement Core Team 2013). Locations with 
speed > 60 km·h-1 were filtered (Einoder et al. 2011). On average, the speed 
filtering removed 0.5 % (range: 0-4.0 %) of recorded locations during individual 
foraging trips. Analyses were performed on complete foraging trips, defined as 
the time between when individuals departed from, and when they returned to, the 
colony. For each foraging trip, (1) trip duration (h), (2) total distance travelled 
(km), (3) maximum distance to the colony (km), (4) average horizontal speed 
(km·h-1) and (5) average bearing (º) from the colony were calculated. In addition, 
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wind speed (m·s-1) and wind direction (º) were used to characterize conditions 
experienced during foraging flight. Data were obtained from Buoyweather 
(http://www.buoyweather.com/index2.jsp) at two locations in the proximity of the 
breeding colonies (Gabo Island: 150ºE - 38ºS; Griffith Island: 143ºE – 39ºS) as 3 
hourly readings and converted to daily means. 
At-sea behaviours were characterized from body acceleration characteristics 
recorded along the three spatial axes with accelerometers measuring both dynamic 
acceleration (e.g. wing flapping) and static acceleration (e.g. gravity). Static 
acceleration was kept for behaviour determination, as the amplitude of the surge is 
influenced by gravitational acceleration, hence, relates to the angle of the bird 
(Sakamoto et al. 2009). Body acceleration data were analysed and classified into 
behaviour categories using the Ethographer package in Igor Pro (WaveMetrics 
Inc., USA). Longitudinal acceleration data (i.e. along the long axis of the body) 
were converted into a spectrum by continuous wavelet transformation. Each 
second of the spectrum was categorized into behaviour categories by 
unsupervised cluster analysis, using k-means methods (Sakamoto et al. 2009). 
Additionally, the pitch angle of the bird body was calculated from the three-
acceleration signal (surge, heave and sway) using trigonometry (Sato 2003). 
Behaviours were classified based on previous studies of diving birds (Ropert-
Coudert et al. 2004, Weimerskirch et al. 2005b, RopertCoudert et al. 2009), 
with individual dives identified by a high surge along the x-axis, following the 
methods of Sakamoto et al. (2009). Misclassification of behaviours was then 
corrected based on pre-defined criteria (i.e. resting and gliding were distinguished 
based on speed of travel). Five activity types were identified and assumed to 
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correspond to when the bird was taking off, in flapping flight, gliding, resting on 
the surface of the water or foraging (i.e. surface foraging or diving; Figure 4.1). 
To investigate relationships between at-sea behaviours and foraging trip 
parameters, linear mixed effects models (LME) were used with the arcsine 
transformed behaviour data (proportions of time spent at sea) and bird ID held as 
random factor (nlme package; Pinheiro et al. (2013)). Only individuals performing 
a 1-day foraging trip were included in the analysis. As all variables differed from 
normal distribution, trip parameters were compared between breeding colonies 
using non-parametric tests (Kruskal-Wallis or Wilcoxon tests). All analyses were 
conducted within the R statistical environment (R Developement Core Team 
2013). Unless stated otherwise, data are presented as Means ± SD and 
significance level was set at α = 0.05. 
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Figure 4. 1. Example of acceleration (surge) and pitch angle profiles during 
the different behaviours identified. Panels represent behaviour of one individual 
(a) while resting at the surface of the water, (b) taking-off, flapping and gliding, 
and (c) while diving (underwater flapping is indicated by the arrow). 
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4.3. RESULTS 
Some individuals could not be recaptured upon first return to the colony, either 
due to the friable nature of the nesting habitat preventing access to the studied 
burrows or because some individuals succeeded in burrowing out after they had 
fed the chick. As a consequence, few data loggers could be recovered. Other 
individuals were recaptured after several short foraging trips and by this stage 
some data loggers were still on the birds while others had fallen off. 
Consequently, only 6 individuals equipped with data loggers at Gabo Island and 5 
at Griffith Island were retrieved. Furthermore, due to data logger failure, data 
could not be downloaded for all the loggers retrieved. Complete short foraging 
trips were obtained from 10 individuals (see Table 4.1 for details) with multiple 
trips recorded for 2 individuals at Griffith Island (2 and 3 trips, respectively), 
providing a total number of 13 trips for analysis. The average trip duration was 
similar for both colonies, 16.1 ± 1.3 h for individuals at Gabo Island and 19.7 ± 
9.6 h for birds at Griffith Island (Wilcoxon rank sum test, W = 17, p = 0.62). All 
individuals completed a one-day trip with the exception of one bird at Griffith 
Island, which was away from the colony for 2 days. Although not significantly 
different, birds at Griffith Island travelled substantially longer distances (316.1 ± 
163.3 km) than bird at Gabo Island (195.6 ± 70.5 km). (Wilcoxon rank sum test, 
W = 8, p = 0.07). Furthermore, the maximum distance from the colony was 
greater for birds at Griffith Island (86.9 ± 29.9 km) compared to individuals from 
Gabo Island (38.8 ± 6.1 km) (Wilcoxon rank sum test, W = 1, p = 0.002). 
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Table 4. 1. Short foraging trip parameters in short-tailed shearwaters rearing chicks at two breeding colonies. Individuals 7 and 9 were 
tracked during sequential 1-day foraging trips (2 and 3, respectively) and individual 10 performed a 2-day foraging trip. 
 
 
 
 
 
 
 
 
 
 
Colony Bird ID 
Body mass at 
deployment (g) 
Trip duration (h) 
Total distance 
travelled (km) 
Maximum 
distance (km) 
Average 
horizontal speed 
(km·h-1) 
Average bearing 
(°) 
 
Gabo Island 
 
1 565 16.3 207.9 37.2 12.4 239.1 
2 555 15.1 118.7 38.1 6.4 24.0 
3 610 15.6 140.9 31.3 9.4 211.9 
4 565 16.5 257.9 36.3 15.3 210.9 
5 590 18.4 295.9 49.5 17.1 13.6 
6 565 15.0 152.3 40.7 9.0 21.1 
Griffith Island 
7a 625 16.0 319.1 130.3 22.3 107.6 
7b - 15.8 264.5 47.3 17.3 206.2 
8 595 17.2 306.7 68.1 19.9 267.4 
9a 565 16.0 195.7 81.1 12.4 110.5 
9b - 15.8 181.7 71.4 11.1 118.3 
9c - 15.4 277.9 87.1 18.7 169.3 
10 595 41.5 667.2 122.9 14.6 125.6 
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 The proportion of time spent at sea in each activity varied greatly between 
individuals, regardless of the breeding colony (Figure 4.2). Resting on water was 
the predominant behaviour category in all individuals (45.8 ± 15.3% of time at 
sea, range: 17.1–70%) with flapping flight (20.4 ± 7.8%, range: 10.4–33.5%) and 
foraging (including both surface foraging and diving; 18.2 ± 15.5%, range: 2.3–
49.6%) contributing most to the rest of the at-sea activity budget. Intra-individual 
variations were also observed for the two birds tracked during sequential 1-day 
foraging trips at Griffith Island (Figure 4.2; individuals 7 and 9). The proportion 
of time spent resting on water varied between 28.9-42.6% and 47.7-63.1% for 
individual 7 and 9, respectively, with corresponding variations in the time spent 
foraging of 7-20.5%, and 2.3-23.1%, respectively. For the bird (individual 10) that 
performed a 2-day foraging trip at Griffith Island, the proportion of time spent 
resting on water was similar whether night-time period was included or excluded 
from analyses (47.6% and 47.5%, respectively). However, the proportion of time 
spent in flapping flight was lower, and foraging time correspondingly higher, 
when the night-time period was excluded (Figure 4.2). This indicates that birds 
spent more time at night foraging than flying. 
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Figure 4. 2. At-sea activity budget of breeding short-tailed shearwaters during 
short foraging trips. Proportion of time spent resting, flapping, gliding, foraging 
(diving and surface foraging) and taking-off during a short foraging trip. 
Individuals 7 and 9 were tracked during sequential 1-day foraging trips (2 and 3, 
respectively) and individual 10 performed a 2-day foraging trip (*activity 
calculated over entire trip, **activity calculated with night-time excluded). 
Most individuals started their outward foraging trip travelling along the coast 
and/or following the prevalent wind direction (Figure 4.3). No commuting 
between the breeding colonies and foraging grounds was observed with most 
individuals starting to surface feed or dive in areas very close to the breeding site. 
Individuals were recorded to perform 76.4 ± 65.3 dives per short foraging trip, 
with an average dive duration of 9.0 ± 1.0 s. While individual 10, which 
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conducted a 2-day trip, spent a considerable proportion of time (6.7 %) surface 
foraging at night, few dives were recorded at this time.  
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Figure 4. 3. Foraging trips and related at-sea behaviour of 10 short-tailed shearwaters tracked with GPS and tri-axial accelerometers. GPS tracks from 10 foraging adult short-tailed 
shearwaters breeding at Gabo Island (a) and Griffith Island (b) with location of surface foraging (yellow dots) and diving events (red dots) (for clarity each behaviour is not shown on the 
figure and the black line represents either resting on the water, flapping flight or gliding). Arrows along the tracks indicate the movement direction and the star indicates the location of the 
breeding colonies. Wind speed and direction (mean ± SD) are indicated for each foraging trip. 
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During the study period, the daily wind strength observed ranged from 
21.6-47.9 km·h-1. The proportion of time spent foraging was positively correlated 
to average wind speed (F1,10 = 9.9, p = 0.01) (Figure 4.4a) while the proportion of 
time spent resting was negatively correlated to the total distance travelled (F1,10 = 
21.7, p < 0.001) (Figure 4.4b). Finally, while the proportion of time spent in 
flapping flight was not correlated to horizontal travel speed (F1,10 = 2.8, p = 0.12), 
the total distance travelled per foraging trip was positively correlated to horizontal 
travel speed (F1,10 = 253.3, p < 0.001) (Figure 4.4c). 
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Figure 4. 4. Relationships between foraging parameters, at-sea activity and 
wind patterns during 1-day short foraging trips in short-tailed shearwaters 
(n = 12). (a) Relationship between the proportion of time spent at sea foraging and 
the average wind speed. (b) Relationship between the proportion of time spent at 
sea resting on water and the total distance travelled. (c) Relationship between the 
total distance travelled per foraging trip and the average horizontal travel speed. 
 
4.4. DISCUSSION 
Previous studies have suggested that short-tailed shearwaters rely mainly on 
surface feeding and diving techniques to forage (i.e. seizing prey at the surface or 
pursuit diving from the surface; Skira (1979), Hunt Jr et al. (1996), Weimerskirch 
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& Cherel (1998)), as has been documented in other shearwater species using 
information obtained from at-sea observations (Brown et al. 1978), capillary tubes 
measuring maximum diving depths (Burger 2001), or diving patterns recorded by 
time-depth data-loggers (Peck & Congdon 2006, Ronconi et al. 2010). However, 
for the first time detailed information on the at-sea behaviour of short-tailed 
shearwaters is described in the current study. The results of the present study have 
revealed high levels of inter-individual variation in at-sea behaviour patterns and 
spatial distribution of foraging activity at both colonies sampled.  
While the maximum foraging range differed between the two colonies, most 
likely reflecting differences in local prey distribution and weather patterns (see 
below), individuals from both sites displayed great variation in the proportion of 
time spent foraging and the number of dives made. This could reflect a high level 
of temporal and spatial patchiness of prey distribution for the species 
(Weimerskirch et al. 1994b, Weimerskirch 2007). Indeed, while differences in 
sampling dates could be a factor in the observed inter-individual variation in 
activity budgets, individuals instrumented the same day at Griffith Island (birds 8 
and 10) displayed different foraging routes and very distinct at-sea activity 
patterns. Similarly, great differences were observed in foraging route and activity 
levels in one of the animals tracked for two consecutive foraging trips (bird 7). 
The other individual tracked for consecutive trips (bird 9) returned to the same 
area on each occasion, displaying different levels of activity, before exploring 
new areas on the third return journey to the colony. This is consistent with 
previous studies of short-tailed shearwaters that found some individuals may, on 
consecutive trips, re-visit foraging areas previously exploited (Einoder & 
Goldsworthy 2005).  
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Surprisingly, in contrast to previous studies on short-tailed shearwaters 
(Einoder & Goldsworthy 2005) and other shearwater species (Shaffer et al. 2009, 
Matsumoto et al. 2012), the present study did not find individuals to have marked 
outward/inward commuting phases. Most individuals commenced surface 
foraging and/or diving shortly after they left their respective breeding ground, 
suggesting prey were located very close to the shore. Whereas, for most 
individuals, some diving behaviour was concentrated in apparent areas of high 
tortuosity in the tracks, suggestive of area-restricted search behaviour (Pinaud & 
Weimerskirch 2005), diving and surface foraging where observed spread out 
along the entire foraging path in all animals. While it is possible that the 5 min 
GPS sampling interval may have precluded some areas of high tortuosity to be 
detected, the fact that individuals spent most of the time at sea resting on the 
surface (> 45%) between feeding bouts suggests that short-tailed shearwaters may 
search for prey patches in flight, land on the water and feed from the surface or by 
duck diving, possibly using the surface current to drift passively to the next 
profitable area. This is in contrast to observations in streaked (Calonectris 
leucomelas) and sooty shearwaters (Puffinus griseus), where individuals typically 
perform very few dives per day while spending > 75% of their time at sea flying 
(Shaffer et al. 2009, Matsumoto et al. 2012). This difference may reflect a high 
local abundance in prey availability near short-tailed shearwater colonies during 
the study. 
Individuals from both breeding colonies performed dives and surface feeding 
throughout the foraging trip. However, the number of dives per day was found to 
vary greatly between individuals. Comparable observations with similar sized 
shearwaters were recorded in streaked shearwaters instrumented during chick-
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rearing (Matsumoto et al. 2012) and great shearwaters (Puffinus gravis) 
instrumented during post-laying foraging trips (Ronconi et al. 2010). Furthermore, 
whereas previous studies of this and other shearwater species have suggested 
individuals mainly rest on the sea surface at night (Raymond et al. 2010, Ronconi 
et al. 2010), the observation of night-time dives (throughout the night and not only 
near dawn and dusk) and surface foraging activity from the single individual that 
conducted a 2-day trip suggests that the short-tailed shearwater is not exclusively 
a daytime forager. Similar observations of night diving have recently been 
recorded for wedge-tailed shearwaters (Puffinus pacificus) (Hyrenbach et al. 
2014) and could reflect the availability of diel vertically migrating prey close to 
the surface making foraging energetically profitable at this time.  
While numerous studies have reported maximum dive depths in 
procellariiforms (Burger 2001, Peck & Congdon 2006, Taylor 2008, Shaffer et al. 
2009, Rayner et al. 2011), few have documented dive durations because of 
instrument size limitations (Hyrenbach et al. 2014). Individuals in the present 
study dived for mean duration of 9 s. This is considerably shorter than that 
recently observed in the smaller (320-510 g; Hyrenbach et al. (2014)) wedge-
tailed shearwater (16-48 s) but similar to that in the larger (770-970 g) great 
shearwater (6-8 s; Ronconi et al. (2010)). Furthermore, whereas substantial 
variation in dive duration was observed in both wedge-tailed and great 
shearwaters (SD 4-32 s), short-tailed shearwaters displayed remarkably little 
variation in their time submerged (SD 1 s). These observations (both mean 
duration and variability) suggest that sufficient prey were consistently available 
close to the surface during the present study.   
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The present study found that the proportion of time spent foraging at sea was 
positively correlated to the average local daily wind speed during the trip. This 
could indicate that stronger winds, likely to facilitate gliding flight (less 
energetically expensive and potentially faster than flapping flight), allow 
individuals to devote more time on the water to forage. In addition, most of the 
individuals used tail- or cross-winds on their outward journey, suggesting a 
strategy to reduce flight costs (Spear & Ainley 1997). This highlights the 
important influence of wind patterns on the behaviour and foraging effort of 
procellariiforms (Weimerskirch et al. 2000) and is consistent with the notion that 
they use weather patterns to maximise their at-sea movements and minimise the 
cost of transport (Warham 1977).  
In conclusion, the results of the present study provide valuable insights into the 
fine scale three-dimensional at-sea behaviour of short-tailed shearwaters during 
their short foraging trips, periods of high parental effort. Additional studies are 
needed to combine these data with information on parental foraging success (i.e. 
adult mass gain after a foraging trip and/or chick body condition) and 
reproductive output in relation to environmental variability. The study further 
highlights the potential of simultaneous GPS and accelerometry data collection to 
investigate the at-sea activity budgets and, thus, energy expenditure of seabirds. 
This is especially important in understanding how foraging trips are organised 
with respect to the constant and conflicting constraints of chick-provisioning and 
self-feeding.  
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CHAPTER FIVE 
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ABSTRACT 
Establishing patterns of movements of free-ranging animals in marine 
ecosystems is crucial for a better understanding of their feeding ecology, life 
history traits and conservation. As central place foragers, the habitat use of 
nesting seabirds is heavily influenced by the resources available within their 
foraging range. Using both GPS and geolocation data-loggers, at-sea movements 
and habitat use of short-tailed shearwaters (Puffinus tenuirostris) provisioning 
chicks were investigated over three breeding seasons (2012-2014) at two colonies 
in south-eastern Australia. Most individuals performed daily short foraging trips 
over the study period and inter-annual variations observed in foraging parameters 
where mainly due to few individuals from Griffith Island, performing 2-day trips 
in 2014. When performing long foraging trips, this study showed that individuals 
from both colonies exploited similar zones in the Southern Ocean. The results of 
this study suggest that individuals could increase their foraging range while 
exploiting distant feeding zones, which could indicate that short-tailed 
shearwaters forage in Antarctic waters not only to maintain their body condition 
but may also do so to buffer against local environmental stochasticity. Lower 
breeding performances were associated with longer foraging trips to distant 
oceanic waters in 2013 and 2014 indicating they could mediate reductions in food 
availability around the breeding colonies by extending their foraging range in the 
Southern Ocean. This study highlights the importance of foraging flexibility as a 
fundamental aspect of life history in coastal/pelagic marine central place foragers 
living in highly variable environments and how these foraging strategies are use 
to buffer this variability. 
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5.1. INTRODUCTION 
In the marine environment, top predators generally rely on resources that are 
sparse, patchily distributed and seasonally variable (Ashmole 1971, Hansen et al. 
2001, Weimerskirch 2007). Consequently, flexibility in their foraging behaviour 
in response to environmental changes is crucial, as it is relevant to breeding 
performances and population dynamics (Frederiksen et al. 2004a, Forcada et al. 
2005, Lewis et al. 2006a). Individuals are expected to adjust their foraging effort 
to meet their own energy requirements and provision their offspring (Guinet et al. 
2001, Burke & Montevecchi 2009). However, the capacity to increase foraging 
effort is limited and species-specific. For instance, central place foragers 
provisioning offspring are limited in their foraging movement and duration due to 
the constraints of transporting food from distant feeding zones to the breeding 
ground and the fasting ability of their offspring (Orians & Pearson 1979). 
Therefore, proximity of suitable feeding sites to breeding areas is essential and 
foraging strategies have evolved in order to maximize the foraging efficiency and 
the rate of net energy gain (Ydenberg et al. 1994).  
Within spatially and temporally variable environments, long-ranging central 
place predators such as pelagic seabirds search for highly productive habitats, 
changing their foraging areas and strategies depending on food availability. 
Consequently, they show behavioural and reproductive responses to 
environmental changes that impact prey availability (Furness & Camphuysen 
1997, Péron et al. 2010). Procellariiforms, in particular, are known to show 
specific adaptations to the marine environment in their breeding strategy (Lack 
1968, Ashmole 1971, Ricklefs 1990). Unpredictability of marine environment 
means that adults cannot regulate food supply to the nest. As a result, 
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accumulation of body fat and slow growth of the chicks have also been selected 
among many procellariiforms, enabling adults to return less frequently to the nest 
and chicks to survive long fasting periods (Hamer et al. 1999).  
During the chick-rearing period, many procellariiforms species use a dual 
foraging strategy including trips in different feeding areas or water masses 
(Baduini & Hyrenbach 2003, Congdon et al. 2005). It generally involves repeated 
alternation between short foraging trips close to the breeding grounds and longer 
foraging trips extending to highly productive areas located at a great distance 
from the colony (Chaurand & Weimerskirch 1994, Weimerskirch 1998). This 
strategy represents a trade-off between provisioning chicks and maintaining 
parental body reserves. Energy transfer to chicks is more efficient after short trips 
but these trips generally reduce adult condition (Weimerskirch et al. 1994a). To 
restore their own nutritional reserves, adults forage in areas often characterized by 
physical structures such as frontal zones or shelf slopes with enhanced primary 
productivity (Granadeiro et al. 1998, Hyrenbach et al. 2002, Terauds & Gales 
2006).  
Furthermore, flexibility in foraging strategy could act as a mechanism that 
allows adults to respond to variations in feeding grounds and adapt their foraging 
behaviour to buffer against variations in the distribution and abundance of 
resources around the breeding colonies. Inter-annual variations in resource 
availability could lead in the short term to a decrease in foraging success and, as a 
result, reduce chick provisioning and chick growth (Smithers et al. 2004). In the 
long term, breeding success and adult survival might also decrease (Weimerskirch 
et al. 2001, Smithers et al. 2004). Therefore, despite the exploitation of distant 
resources, waters near the colonies could play a major role in the reproductive 
Environmental variability and foraging behaviour in STSW                     Chapter 5 
 94 
outcomes. The variability in movement patterns would, thus, have implications 
for resource allocation to survival and, ultimately, fitness (Weimerskirch et al. 
1994a). Hence, local environmental variations could limit the benefits of the dual 
foraging strategy used by the procellariiforms. 
The short-tailed shearwater (Puffinus tenuirostris, Temminck 1835) is a highly 
pelagic medium-sized (500-800 g) procellariiform. It is the most abundant seabird 
species in Australia, with approximately 23 million individuals breeding annually 
during the austral spring/summer (from September to April) on the many islands 
off the continent’s southern coast, the majority of which occur in Bass Strait 
(Skira 1991), the shallow continental shelf area located between Tasmania and the 
Australian mainland. During the breeding period, adults provision their chicks on 
a wide range of neritic prey, especially Australian krill (Nyctiphanes australis), as 
well as myctophid fish and cephalopods, caught during short foraging trips. They 
also alternate these short trips with long foraging trips extensively in sub-
Antarctic and Antarctic waters to restore their own body condition (Weimerskirch 
& Cherel 1998, Klomp & Schultz 2000, Cherel et al. 2005, Einoder & 
Goldsworthy 2005, Connan et al. 2010, Einoder et al. 2011). Despite numerous 
studies describing the general use of the Southern Ocean by the short-tailed 
shearwaters (Raymond et al. 2010, Cleeland et al. 2014), little is known of how 
individuals respond behaviourally to inter-annual environmental variability 
(Einoder et al. 2013).  
The region of Bass Strait is mainly influenced by the South Australian Current 
(SAC), the East Australian Current (EAC) and the sub-Antarctic Surface Water 
(SASW) (Sandery & Kämpf 2005) (Figure 1). The warm SAC and EAC have low 
nutrient levels while the cold nutrient-rich SASW supports high biological 
Environmental variability and foraging behaviour in STSW                     Chapter 5 
 95 
productivity (Gibbs 1992). In addition, the Bonney Upwelling, the largest and 
most predictable upwelling in south-eastern Australia, provides a highly 
productive feeding ground for a variety of species (e.g. seabirds, fishes, whales 
and fur seals) (Collins et al. 1999, Butler et al. 2002, Gill 2004). Therefore, south-
eastern Australia is marked by contrasting oceanic conditions that might influence 
the foraging decisions of breeding short-tailed shearwaters in response to 
environmental variability.  
Consequently, during years with poor conditions (i.e. lower food availability), 
it is hypothesised that short-tailed shearwaters should increase their foraging 
effort, both during short and long foraging trips. As a result, individuals should 
extend their foraging ranges in search of profitable prey patches in order to meet 
both the nutritional needs of their offspring and their own. Therefore the aims of 
the present study were to investigate in this species: 1) how climate variability 
influence the foraging strategy of individuals foraging in neritic (short trips) and 
distant oceanic waters (long trips); and 2) its consequence on reproductive 
performance. As it is unlikely that substantial variation in environmental 
conditions, and how animal adapt to them, may be detected at a single location 
within the short time-frames of this study (Furness & Camphuysen 1997), short-
tailed shearwater populations experiencing divergent oceanographic conditions at 
both extremities of Bass Strait were examined. 
 
Environmental variability and foraging behaviour in STSW                     Chapter 5 
 96 
5.2. METHODS 
5.2.1. Study sites and animal handling procedures 
The study was conducted at Gabo Island Lighthouse Reserve (37°33’S, 
149°54’E) and Griffith Island, Port Fairy (38°22’S, 142°13’E) (Figure 5.1), with 
breeding populations estimated at more than 6,000 (Fullagar & Heyligers 1996) 
and 15,000 breeding pairs (Bowker 1980), respectively. Data were collected 
during the chick-rearing period over three consecutive breeding seasons (2012-
2014). Burrows containing hatched chicks were monitored daily in order to 
identify adult attendance patterns. Each night, chicks were weighed using a spring 
balance (± 5 g). Chicks were considered to have received a meal when their mass 
increased between weighing, whereas mass loss indicated no feeding event (see 
Weimerskirch & Cherel (1998)). Both adults were considered to be performing a 
long trip when their chicks lost weight over 5 consecutive days (Einoder et al. 
2011). These burrows were targeted for GPS data logger deployment because the 
adults were likely to perform a short trip upon return. A one-way wooden 
trapdoor was fitted at the entrance of the burrow. Returning parents tripped a stick 
that closed the trapdoor when entering the burrow. Adults were left for ~30-40 
minutes in the burrow to feed the chick and then captured for instrumentation. 
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Figure 5. 1. Simplified representation of water masses in south-eastern 
Australia (Bass Strait region) and location of breeding colonies. EAC: East 
Australian Current; SASW: Sub-Antarctic Surface Water; SAC: South Australian 
Current (From Sandery & Kämpf (2005)) and Bonney Upwelling. Gabo Island 
(GI) and Griffith Island (GR) breeding colonies are located on the map (closed 
circles).  
Body mass and morphometric measurements (bill length and depth, wing 
length) were taken using a spring balance (± 5 g) and Vernier callipers (± 1 mm), 
respectively. All individuals were then instrumented during early chick-rearing 
with an IgotU GT-120 GPS data logger (Mobile Action Technology, Taiwan) 
packaged in a heat-shrink tubing, programmed to sample location every 5 min 
(i.e. to ensure locations could be recorded over a 4-day period, Weimerskirch & 
Cherel (1998)). Devices were attached with black waterproof Tesa tape to feathers 
on the dorsal midline (total weight was < 12 g which is below the 3% limit 
recommended for flying birds; Phillips et al. (2003)). Procedures lasted < 10 min 
and individuals were then returned to the nest to resume normal behaviour. Birds 
were recaptured in their burrows and devices removed after one foraging trip to 
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sea. Upon recapture, individuals were equipped with a geolocator attached to a 
plastic band placed around birds’ tarsus (LAT2900, Lotek Wireless Inc, 2.5 g or 
Mk3005 (developed by the British Antarctic Survey, Biotrack, 2.5 g). Geolocators 
were retrieved during the chick-rearing period (mid- to late-March).  
A total of 50, 70 and 81 nests at Gabo Island and 106, 109 and 97 at Griffith 
Island were marked in study plots at the time of egg-laying each year in 
November (2011-2013) and monitored throughout the breeding season to record 
the chronology of laying, hatching and fledging (and their respective success). 
Thereafter, breeding success refers to the proportion of chicks fledging from the 
egg laid and fledging success refers to the proportion of chicks fledging from the 
eggs hatched (Nettleship 1972). Out of these, a total 23, 9 and 22 individuals at 
Gabo Island and 18, 10 and 20 individuals at Griffith Island were instrumented 
with both GPS and geolocator data-loggers in 2012, 2013 and 2014, respectively, 
once their egg have hatched. Nests of instrumented birds were monitored after 
deployments and their success was compared with a Chi-square test to the one of 
the remaining nests (control group) in the studied areas. Success was not 
significantly different between both groups throughout the study period (Gabo 
Island, 2012: χ2 = 0.43, P = 0.51; 2013: χ2 = 2.01, P = 0.16; 2014: χ2 = 1.25, P = 
0.26 and Griffith Island, 2012: χ2 = 0.39, P = 0.53; 2013: χ2 = 0.87, P = 0.35; 
2014: χ2 = 0.001, P = 0.97). 
5.2.2. Oceanographic conditions 
Local environmental variables were characterized in the marine habitats 
surrounding the breeding colonies and investigated during chick rearing (January-
April) for each study period (2012-2014). A spatial grid based on the geographic 
limits of the tracking data (Gabo Island: from 149º19’E to 150º15’E and from 
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36º45’S to 37º52’S; Griffith Island: from 140º23’E to 144º34’E and from 38º20’S 
to 40º31’S) was built. Local ocean climate conditions were characterized by 
deriving weekly sea-surface temperature (SST) and chlorophyll-a (Chl-a) 
concentration (used as a proxy of primary productivity) within the studied 
locations. Weekly SST (ºC) (AVHRR GAC SST 11km 8-day composite) and Chl-
a (mg·m-3) (MODIS Aqua 2.5 km chla 8-day composite) values were extracted 
from BloomWatch 
(http://coastwatch.pfel.noaa.gov/coastwatch/CWBrowserWW360.jsp) using the 
Xtractomatic routine (http://coastwatch.pfel.noaa.gov/xtracto/). Additionally, 
wind speed (m·s-1) and wind direction (º) were used to characterize conditions 
experienced during foraging flight. Values were obtained from Buoyweather 
(http://www.buoyweather.com/index2.jsp) at two locations in the proximity of the 
breeding colonies (Gabo Island: 150ºE - 38ºS; Griffith Island: 143ºE – 39ºS) as 3 
hourly readings and converted to weekly means.  
On a meso-scale, the strength of the Bonney Upwelling (Figure 5.1) was 
characterized by extracting weekly SST (°C) composites during the austral 
summer (from January to March 2012-14) within a zone between 36°S - 38.5°S 
along the south-eastern coast of mainland Australia to the 1000 m isobath (i.e. 
edge of the continental plateau; Nieblas et al. (2009)). On a larger scale, the 
Southern Oscillation Index (SOI) was used as a proxy of macro-scale 
oceanographic process. El Niño Southern Oscillation (ENSO) is known to 
strongly influence environmental conditions in south-eastern Australia (Ashok et 
al. 2003). Sustained positive values of SOI (higher than +8) and negative values 
(lower than -8) often indicate La Niña and El Niño episodes, respectively. 
Monthly means of SOI were obtained from the Australian Bureau of Meteorology 
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(www.bom.gov.au/climate/current/soihtm1.shtml). In addition, daily sea ice 
satellite-based observations (resolution: 25km) were obtained from the National 
Snow and Ice Data Center 
(http://neo.sci.gsfc.nasa.gov/view.php?datasetId=NISE_D). Data were extracted 
between 80ºE and 170ºE and converted to weekly means during chick-rearing for 
each study period (2012-2014). 
5.2.3. Data processing and analyses 
To investigate habitat use, GPS tracks were analysed with the trip, 
adehabitatHR and adehabitatLT packages (Calenge 2006, Sumner 2012) within 
the R statistical environment (R Developement Core Team 2013). Locations with 
speed > 60 km·h-1 were filtered (Einoder et al. 2011). On average, the speed 
filtering removed 0.5% (range: 0-6.2%) of recorded locations during individual 
foraging trips. Analyses were performed on complete foraging trips, defined as 
the time between when individuals departed from, and when they returned to, the 
colony. For each foraging trip: (1) trip duration (h); (2) total distance travelled 
(km); (3) maximum distance to the colony (km); and (4) average bearing (º) from 
the colony were calculated. To identify the feeding areas of individuals, kernel 
density estimates (KDE, Wood et al. (2000)) of GPS locations were generated 
with grid cells of 0.01°. Because the number of locations recorded was different 
for each individual, KDE was estimated for each individual and then averaged 
across individuals to estimate a mean KDE for each colony (see Wakefield et al. 
(2013)). The smoothing parameter h was estimated by least-squares cross-
validation in both cases. The 50% kernel utilization distribution (KUD) was 
considered to represent the core foraging area and the 95% KUD the home range 
of instrumented individuals.  
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Geolocator loggers recorded light intensity over time, from which 
geographical positions were then estimated (for details see Phillips et al. (2004)) 
with previous studies reporting location accuracy of 185 ± 115 km (Phillips et al. 
2004) and 202 ± 171 km (Shaffer et al. 2005) for a flying seabird. In brief, the 
LAT2900 data loggers recorded light intensity every 2 min, processed the light 
data on-board with proprietary algorithms from the manufacturer (“template fit 
method”; see Ekstrom (2007)), and recorded the estimated daily longitude and 
latitude. They also recorded environmental temperatures (0.05°C) and salt-water 
immersion at 2 min interval. The Mk3005 units measured the light level every 
minute, recording the maximum reading each 5 min intervals, and also recorded 
time when salt-water immersion occurred (state changed from wet to dry) and sea 
surface temperature was recorded after 20 min in the wet phase. The at-sea 
locations of individuals were then estimated using the tripEstimation package 
(Sumner et al. 2009, Thiebot & Pinaud 2010). Location estimations calculated 
from light elevation were constrained by temperature and land masks in order to 
exclude unrealistic locations (Thiebot & Pinaud 2010). Tracks with 2 locations 
per day were obtained. Then a Bayesian state-space model constrained by the 
average flight speed and direction of adult short-tailed shearwater (30.8 km·h-1; 
Klomp & Schultz (2000)) was used to improve the spatial likelihood of the tracks 
and resample locations at regular 6 h time intervals (R package bsam; Jonsen et al. 
(2005)).  
Inter-annual variation in foraging distribution in the Southern Ocean was 
investigated using kernel analysis on predicted locations with a smoothing 
parameter h of 1.8º (corresponding to a search radius of ~ 200 km, Phillips et al. 
(2006)) and a grid cell size of 0.2º. In order to focus on foraging distribution in the 
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Southern Ocean, locations corresponding to sea-surface temperatures greater than 
15ºC were excluded from further analysis (i.e. to remove locations close to the 
breeding colonies and along the Australian continental shelf). For each year, 
individuals from each breeding colony were pooled and differences in distribution 
between years and colonies were based on the proportional overlap of the 50 and 
95% kernels.  
In order to investigate short-term response to environmental variability, inter-
annual differences in reproductive parameters were tested with a Chi-square test. 
One-way ANOVAs (or circular ANOVA for angular data) followed by Tukeys post 
hoc tests were used to assess inter-annual variations in foraging parameters and 
environmental parameters. Dependent variables were log-transformed when 
necessary in order to meet normality. All analyses were conducted within the R 
statistical environment (R Developement Core Team 2013). Unless stated 
otherwise, data are presented as Means ± SD and significance level was set at α = 
0.05. 
 
5.3. RESULTS 
Some individuals could not be recaptured upon first return to the colony, either 
due to the friable nature of the nesting habitat preventing access to the studied 
burrows or because some individuals succeeded in burrowing out after they had 
fed the chick. As a consequence, few GPS data loggers could be recovered. Other 
individuals were recaptured after several short foraging trips but by this stage, the 
GPS data logger had fallen off. Consequently, only 12, 8 and 9 individuals 
equipped with GPS data logger at Gabo Island and 9, 2 and 10 at Griffith Island 
were retrieved in 2012, 2013 and 2014, respectively. Furthermore, due to data 
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logger failure, data could not be downloaded for all the loggers retrieved. 
Complete short foraging trips were obtained from a total of 41 individuals (see 
Table 5.1 for details). Due to breeding failure at Griffith Island in 2013, only one 
individual returned with its GPS data logger and the data, while presented in 
summary, were excluded from further statistical analyses. While foraging in 
neritic waters, significant inter-annual differences in at sea movements were only 
found at Griffith Island. Total distance travelled and maximum distance from the 
colony were greater in 2014 than in 2012 (F1,17 = 8.93, p = 0.008 and F1,17 = 
10.34, p = 0.005, respectively, Table 5.1). These inter-annual differences in 
foraging behaviour were associated with differences observed in environmental 
parameters between the breeding seasons. At Griffith Island, average SST was 
found to vary between years with higher SST in 2013 (F2,42 = 10.45, p < 0.001, 
Table 5.2). On the other hand, average SST at Gabo Island was higher in 2014 
(F2,44 = 12.37, p < 0.001). At a meso-scale, the strength of the Bonney Upwelling 
was found to be the weakest during the austral summer 2013, resulting in 
significantly higher SST (F2,32 = 13.31, p < 0.001). 
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Table 5. 1. Inter-annual comparison of mean (± SD) short foraging trip parameters in short-tailed shearwaters rearing chicks at two 
breeding colonies. Significant results are indicated in bold and homogeneous subsets (p > 0.05) are indicated by superscripts.  
 
 
 
 
 
 
 
 
 
 
*Results for Griffith Island in 2013 were not included in the analysis 
Colony Years 2012 2013 2014 F df p-value 
 
Gabo Island 
 
Birds tracked 9 8 4    
Trip duration (h) 16.2 ± 1.1 16.2 ± 1.4 17.2 ± 3.2 1.29 2, 18 0.30 
Total distance travelled (km) 188.8 ± 58.6 182.1 ± 72.5 159.5 ± 51.7 2.27 2, 18 0.13 
Maximum distance (km) 41.2 ± 8.6 41.9 ± 18.0 26.0 ± 9.1 0.15 2, 18 0.86 
Bearing (°) 138.5 ± 109.9 91.5 ± 102.3 202.3 ± 38.7 2.21 2, 18 0.14 
Home range (km2) 663.3 ± 217.8 827.1 ± 379.2 561.9 ± 214.3 1.28 2, 18 0.30 
Foraging area (km2) 124.0 ± 33.2 179.0 ± 86.0 118.1 ± 69.3 1.93 2, 18 0.17 
Griffith 
Island 
Birds tracked 9 1* 10    
Trip duration (h) 18.9 ± 7.1 18.2 25.3 ± 11.4 2.06 1, 17 0.17 
Total distance travelled (km) 269.2 ± 143.1 276.0 581.3 ± 222.4 8.93 1, 17 0.008 
Maximum distance (km) 78.3 ± 35.0 107.2 156.6 ± 54.4 10.34 1, 17 0.005 
Bearing (°) 148.6 ± 54.4 115.9 158.9 ± 63.2 0.11 1, 17 0.74 
Home range (km2) 1301.7 ± 687.7 1180.9 3271.1 ± 1406.1 14.48 1, 17 0.001 
Foraging area (km2) 193.6 ± 124.6 182.3 606.2 ± 288.9 15.66 1, 17 0.001 
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At Gabo Island, the short foraging trip hot spots during the study period were 
located close to the colony in inshore areas. Birds from Griffith Island foraged 
both inshore and over the shelf-edge, extending their home range towards King 
Island in western Bass Strait in 2014 (Figure 5.2A & B). At Griffith Island, core 
foraging and home range areas were significantly greater in 2014 than in 2012 
(F1,17 = 15.66 and F1,17 = 14.48 respectively, p = 0.001 in both cases).  
 
 
Figure 5. 2. Distribution of short-tailed shearwaters foraging in Bass Strait. 
Results of a kernel density estimate analysis for short-tailed shearwaters foraging 
from (A) Gabo Island and (B) Griffith Island breeding colonies in 2012, 2013 and 
2014 (data presented for Griffith Island in 2013 are strictly informative). Darker 
shade colors represent the core foraging area (50% KUD contour), while lighter 
shade colors represent the home range (95% KUD contour). The dashed line 
indicates the location of the 200 m isobath.  
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Table 5. 2. Inter-annual comparison of mean (± SD) environmental parameters for the short-tailed shearwater chick-rearing period 
(January-April). Local conditions include sea surface temperature (SST), sea surface chlorophyll-a concentration (Chl-a), wind speed and wind 
direction. Meso-scale process included Bonney Upwelling sea surface temperatures (SST) over the austral summer (January-March) and large-
scale processes include the Southern Oscillation Index (SOI) over a yearly period and the sea ice concentration in the Antarctic region. 
Significant results are indicated in bold and homogenous subsets (p > 0.05) are indicated by superscripts.  
 
 
 
 
 
 
 
Local conditions 2012 2013 2014 F df p-value 
Gabo Island 
SST (ºC) 19.7 ± 0.8a  20.2 ± 0.9a 21.2 ± 0.8b 12.37 2, 44 <0.001 
Chl-a (mg·m-3) 0.5 ± 1.0 0.5 ± 0.6 1.1 ± 1.1 2.55 2, 44 0.09 
Wind speed (m·s-1) 8.6 ± 2.2 8.4 ± 2.0 9.0 ± 2.4 1.01 2, 358 0.36 
Wind direction (º) 138.7 ± 47.9 138.9 ± 48.7 132.2 ± 55.9 0.86 2, 358 0.43 
Griffith Island 
SST (ºC) 18.0 ± 0.6a 18.7 ± 0.5b 17.6 ± 0.5a 10.45 2, 42 <0.001 
Chl-a (mg·m-3) 0.2 ± 0.2 0.2 ± 0.2 0.2 ± 1.1 1.58 2, 42 0.22 
Wind speed (m·s-1) 7.8 ± 1.8 7.1 ± 1.7 7.8 ± 1.7 0.64 2, 358 0.53 
Wind direction (º) 156.5 ± 52.0 173.4 ± 58.6 179.1 ± 43.4 1.30 2, 358 0.27 
Meso and large-scale processes 2012 2013 2014 F df p-value 
Bonney Upwelling SST (ºC) 17.6 ± 0.7a 18.8 ± 0.5b 17.6 ± 0.6a 13.31 2, 32 <0.001 
SOI -0.8 ± 5.7 4.0 ± 5.8 -2.1 ± 8.4 2.67 2, 31 0.09 
Sea ice concentration (%) 57.2 ± 27.4a 70.5 ± 26.5b 59.6 ± 27.7a 31.04 2, 47 <0.001 
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Due to logistical constraints (i.e. limited period of time to recapture individuals 
instrumented with geolocators at their breeding sites), some individuals could not 
be recaptured. Consequently, only 5, 3 and 13 individuals equipped with 
geolocators at Gabo Island and 6, 3 and 12 at Griffith Island were recaptured in 
March). Data logger failure prevented data to be downloaded from several 
geolocators retrieved. Complete long foraging trips were obtained from a total of 
35 individuals. When multiple trips were recorded, only the first long trip was 
kept for further analysis to avoid autocorrelation. In addition, due to the small 
number of birds recovered with GLS data logger during the study period, data 
from both colonies were pooled together for inter-annual comparisons. Long 
foraging trips duration ranged from 16.4 ± 2.6 days in 2012 to 19.8 ± 6.3 days in 
2014 (2013: 17.1 ± 2.2 days). The total distance travelled ranged from 10,364 ± 
19578 km in 2012 to 11,260 ± 2965 km in 2014 (2013: 12,345 ± 3754 km). A 
significant inter-annual difference in long foraging trip parameters was found only 
in maximum distance travelled from the colony, which was greater in 2014 
(4418.4 ± 1010.1 km) than in 2012 (3392.7 ± 375.6 km) and 2013 (4074.0 ± 
751.4 km) (F2,32 = 4.48, p = 0.02).  
In 2012, individuals mainly exploited the oceanic zone located south of the 
Polar Front (PF), as well as the Sub-Antarctic waters located between the Sub-
Antarctic Front (SAF) and the PF (Figure 5.3). In 2013, individuals foraged 
principally in the Antarctic region, as well as the oceanic area located north of the 
SAF. In 2014, individuals from both breeding sites exploited Sub-Antarctic 
waters, as well as Antarctic waters and areas located north of the SAF and the 
areas exploited were more widespread longitudinally. Core foraging areas 
overlapped by 18% between 2012 and 2013, 27% between 2012 and 2014, and 
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34% between 2013 and 2014. Home range areas overlapped by 58% between 
2012 and 2013, 71% between 2012 and 2014, and 79% between 2013 and 2014.  
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Figure 5. 3. Distribution of short-tailed shearwaters foraging in the Southern 
Ocean. Results of a kernel density estimate analysis for GLS-tracked short-tailed 
shearwaters from Gabo Island (GI) and Griffith Island (GR), performing long 
foraging trips during the chick-rearing period in 2012, 2013 and 2014. Darker 
shade colors represent the core foraging area (50% KUD contour), while lighter 
shade colors represent the home range (95% KUD contour). Oceanic frontal 
zones: sub-Antarctic waters between the Sub-Antarctic Front (SAF) and the Polar 
Front (PF), and Antarctic waters south of the PF (from Orsi et al. (1995), Park et 
al. (1998)). 
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Significant inter-annual differences in reproductive performances were found 
at both colonies. At Gabo Island, hatching success was lower in 2013 (χ2 = 9.82, p 
< 0.001, Table 5.3). Additionally, fledging and breeding success was lower in 
2013 than in 2014, and lower in 2013 than in 2012 (χ2 = 22.46, p < 0.001). Similar 
trend was found at Griffith Island for hatching success (i.e. lowest value in 2013, 
χ2 = 15.08, p < 0.001) and fledging and breeding success (lower in 2013 than in 
2012 and 2014, χ2 = 9.99, p = 0.007).  
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Table 5. 3. Inter-annual comparison of mean (± SD) reproductive parameters of short-tailed shearwaters. Parameters were recorded over 
three consecutive breeding seasons. Nest corresponds to the total number of nests monitored each year. Significant results are indicated in bold 
and homogeneous subsets (p > 0.05) are indicated by superscripts. 
 
 
 
 
 
 
 
Colony Study year 2012 2013 2014 F df p-value 
Gabo Island 
Nest 50 70 81    
Hatching success (%) 80.0a 52.9b 70.4a 9.82 2 <0.001 
Fledging success (%) 55.0a 13.5b 31.6c 22.46 2 <0.001 
Breeding success (%) 44.0a 7.1b 22.2c 22.45 2 <0.001 
Griffith Island 
Nest 106 109 97    
Hatching success (%) 65.1a 39.4b 57.7a 15.08 2 <0.001 
Fledging success (%) 50.7a 37.2b 41.1a,b 9.98 2 0.006 
Breeding success (%) 33.0a 14.7b 23.7a,b 9.99 2 0.007 
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5.4. DISCUSSION 
Consistent with previous observations (Einoder & Goldsworthy 2005, Einoder 
et al. 2011), the results of the present study indicate that short-tailed shearwaters 
performed daily short foraging trips over the study period (with the exception of 4 
individuals in 2014 from Griffith Island that performed 2-day trips). At Gabo 
Island, short foraging trips were exclusively performed in inshore areas, 20-80 km 
around the breeding colony. However, total distance travelled and foraging range 
did not vary between 2012 and 2014, despite higher SST recorded during summer 
2014. In contrast, at Griffith Island, foraging occurred both in inshore habitat and 
over the continental shelf-edge (20-240 km from the colony). Inter-annual 
variations were found in short foraging trip parameters but those differences were 
mainly due to the individuals performing longer foraging trips in 2014 and, thus, 
were able to extend their range further away from the colony. While data was 
retrieved from only a single individual in 2013, the location of its foraging areas is 
consistent with those in the two other years.  
 Despite the small sample size, this study showed that while performing long 
foraging trips, birds from both breeding colonies converged on the same areas in 
the Southern Ocean. Individuals travelled 2400-6100 km across oceanic regions, 
repeatedly using sub-Antarctic and Antarctic Zones between longitude 80 and 
160º across the study period. These results are consistent with previous studies 
(Raymond et al. 2010, Cleeland et al. 2014) and likely reflect enhanced primary 
productivity and a high prey availability associated with these regions, where 
shearwaters mainly feed on Antarctic krill and myctophid fish (Weimerskirch & 
Cherel 1998, Cherel et al. 2005). Longitudinal range was narrower in 2012 than in 
2013 and 2014 and, while non-significant, there was a trend for the average total 
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distance travelled in the Southern Ocean region and the average maximum 
distance travelled from the colonies to increase between 2012 and 2014 for both 
colonies.  
Therefore, the results of the present study are inconsistent with the prediction 
that, during years of lower resource availability, short-tailed shearwaters should 
further increase their range when performing short foraging trips. However, the 
results suggest that they are able to do so while exploiting distant feeding zones. 
Substantial inter-annual variability has also been shown among other species, with 
individuals being able to modulate their dual foraging strategy according to food 
availability (Granadeiro et al. 1998, Quillfeldt et al. 2007, Paiva et al. 2010). This 
could indicate that individuals performing longer foraging trips during years of 
poor conditions use this strategy not only to restore their body reserves but also to 
maximise foraging efficiency by reducing energetic costs. Longer foraging trips to 
distant, yet more predictable and profitable areas are likely to be more 
energetically efficient than exploiting smaller patches with lower marine 
productivity around the colony (Granadeiro et al. 1998, Baduini & Hyrenbach 
2003).  
Exploiting resources over a broad area has been interpreted as a mechanism of 
regulating investment in offspring (Weimerskirch 1998, Weimerskirch & Cherel 
1998) and, therefore, breeding success is closely associated to changes occurring 
in the feeding grounds. Links between chick growth and adult mass mortalities, 
and fluctuations in resource abundance were previously reported (Oka et al. 
1987). Very low reproductive success was recorded for both colonies in 2013. 
Griffith Island is located close to the Bonney Upwelling and the waters around it 
are under its direct influence. The low breeding success observed in 2013 is 
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consistent with the low strength of the Bonney Upwelling that year (as indicated 
by higher SST) which could have reduced prey availability for shearwaters. 
Indeed, lower breeding performances were also observed for little penguins 
(Eudyptula minor) (Berlincourt et al. unpublished data, Chapter 3), Australasian 
gannets (Morus serrator) (Angel et al. unpublished data) and Australian fur seals 
(Arctocephalus pusillus doriferus) (Arnould et al. unpublished data) breeding 
throughout Bass Strait in the same year suggesting unusually low prey availability 
for these predators in the region. The low breeding success observed at Gabo 
Island at the eastern extent of Bas Strait could also be related to the consequences 
of a weaker Bonney Upwelling throughout the region (Gibbens & Arnould 2009), 
or could be linked to pulses of warmer water being brought by the southward 
penetration of the EAC (Ridgway 2007) impacting prey distribution (Poloczanska 
et al. 2007).  
The 2014 breeding season was characterized by a lower breeding participation 
(i.e. lower number of adults incubating in November 2013, pers. data), after mass 
adult mortality occurred in September 2013 (pers. obs.) when adults returned from 
their trans-equatorial migration (Carey et al. 2014). Severe weather and difficulty 
finding sufficient resources are likely to have contributed to this event. However, 
despite the possible reduction of density dependent competition for food 
resources, low reproductive performance was also recorded in 2014, with a lower 
breeding success recorded in 2014 than in 2012 (implying that oceanographic 
conditions were still not optimum). This result could be explained by a cascade of 
events following the weak Bonney Upwelling observed during summer 2013 and 
leading to lower nutrient concentration in Bass Strait.  
Importantly, while individuals from both colonies did not appear to increase 
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their effort when foraging locally during the periods of reduced local prey 
availability (inferred from the lower fledging success), our results suggest that 
they increased their foraging range in the Southern Ocean. This could indicate that 
they were buffering variability in local resource availability by exploring and 
exploiting Antarctic waters more extensively. Indeed, when performing long trips, 
short-tailed shearwaters mainly forage south of the Polar Front zone in waters 
where they are known to feed on Myctophid fish and Antarctic krill (Euphasia 
superba), which are abundant in this region (Pakhomov & McQuaid 1996, 
Pakhomov et al. 1996, Nicol 2006). Around Antarctica, the pack-ice provides a 
nursery ground for Antarctic krill larvae over the winter months. Over summer, 
the decay of the sea-ice is an important physical process largely impacting the 
marine fauna foraging in this region; as the sea-ice retreats abundant resources 
become accessible to predators (Nicol et al. 2000, Reid & Croxall 2001, Nicol 
2006). 
During summer 2013, sea-ice extent was greater around Antarctica (as 
indicated by higher sea-ice concentration), which could have lead to less 
resources available for the shearwaters. In fact, the seasonal increase in krill 
abundance has been shown to be associated with the spring/summer retreat of sea-
ice (i.e. sea-ice is progressively broken into ice floes). As summer progresses, sea-
ice extent decreases and resources become available for seabirds (Woehler et al. 
2003, Woehler et al. 2010). Therefore, concentration of krill will depend on the 
extent and duration of sea-ice cover (Atkinson et al. 2004). Shearwaters might 
have had to extend their long foraging trips while searching for food in the 
Southern Ocean because of poorer conditions in this region in 2013. This, in 
conjunction with unfavourable environmental conditions in Bass Strait could have 
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resulted in very low reproductive success the same year. However, over the study 
period, longer foraging trips were observed in 2014 suggesting that individuals 
had to extend their foraging range because oceanographic conditions either 
around their respective breeding colony or in the Southern Ocean were not 
optimum.  
In summary, this study has highlighted how long foraging trips in short-tailed 
shearwaters may serve as a buffer against local environmental variations to 
maintain and/or replenish adult body condition, and also feed chicks throughout 
chick rearing. Flexibility in foraging strategy allows the birds to travel southward 
where they can exploit extensive cold, productive Antarctic waters and enabling 
them to cope with variability in local prey availability around the breeding colony 
during chick-rearing. The oceanic region of south-eastern Australia is one of the 
fastest warming marine areas in the world (Hill et al. 2008, Hobday & Pecl 2013) 
and is likely to experience substantial alterations to the local oceanography and 
species distributions (Ridgway 2007). The complex oceanographic processes 
around Australia (e.g. EAC, Leeuwin current, Bonney Upwelling) have also been 
predicted to respond to anticipated climate change (Ridgway & Hill 2009, Brown 
et al. 2010). Furthermore, shifts in the Antarctic marine food web have also been 
reported (Schofield et al. 2010). Such changes are likely to impact the prey 
distribution (Pakhomov & McQuaid 1996, Poloczanska et al. 2007, Trivelpiece et 
al. 2011), foraging success, chick growth and, ultimately, reproductive success of 
short-tailed shearwaters. Furthermore, despite less favourable conditions, short-
tailed shearwaters are more likely to invest in breeding season than abandon the 
breeding attempt prior to egg-laying. This suggests that individuals of higher 
quality could be able to breed more frequently than others without compensatory 
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reduction in their reproductive success or their chance of future survival (Bradley 
et al. 2000a). 
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6.1. Introduction 
The overall objective of the research contained in this thesis was, using two 
sympatric species (the inshore foraging little penguin and the pelagic short-tailed 
shearwater), to assess the influence of environmental variability on foraging 
behaviour and, ultimately, the reproductive success of seabirds. In the previous 
chapters, I have focused on: a) individual foraging strategies used by the little 
penguin and the short-tailed shearwater during breeding; b) the influence of 
environmental variability on their respective foraging behaviour; and c) the 
reproductive consequences of these factors on the two species. The aims of this 
final chapter are to synthetise the major findings of those preceding it and discuss 
the implications of these short-term studies in the broader context of life-history 
strategy and long-term reproductive responses to environmental variability and 
climate change. 
 
6.2. Environmental influences on foraging behaviour and 
reproductive performance 
Life-history theory predicts that adults should balance their reproductive 
investment against their own chance of future survival. Selection may favour the 
evolution of life-history traits such as deferred sexual maturity, low fecundity and 
small clutches in animals living in highly variable environments (Stearns 1977). 
This theory also predicts that in long-lived species, parents will invest less in 
current reproduction if unfavourable conditions may lead to a reduction in their 
survival. Therefore, trade-offs between growth, self-maintenance and future 
reproduction will occur if high environmental variability influences and/or limits 
the distribution and abundance of resources available to long-lived species 
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(Stearns 1989), thus favouring selection of flexible breeding effort (Erikstad et al. 
1998).  
These life-history traits are observed in many long-lived seabird species, 
which have evolved in highly temporally and spatially variable environments. 
Therefore, measuring flexibility in seabird breeding effort can provide insights 
into how adults might be able to respond to changing marine ecosystems and cope 
with environmental variations. However, fluctuations in food availability are 
unlikely to be reflected directly by changes in breeding effort and/or reproductive 
success as these are likely to be mediated by spatio-temporal variations in 
foraging behaviour (Tremblay & Cherel 2003). Accordingly, studying the 
behaviour of marine top predators may provide information on their at-sea 
movements in relation to the distribution and abundance of their prey resource. 
Ultimately, it may help to understand better the reproductive consequences of 
environmental variability in view of the particularly high energetic demands of 
provisioning chicks by central place foraging (Schreiber & Burger 2001). 
Therefore, in the present study, parental foraging effort and reproductive 
outcomes were investigated in two sympatrically breeding seabird species over 
three consecutive breeding seasons. Because of the limited time-frame of the 
study, two breeding colonies with divergent oceanographic conditions were used 
for each species to maximise the potential for observing behavioural and 
reproductive responses to environmental variability.  
Chapter 2 showed that during the breeding season, little penguins associate at 
sea for extended periods as well as synchronise their underwater movements, 
suggesting cooperative foraging. Such behaviour could potentially provide 
benefits to individuals foraging on small schooling prey (Grand & Dill 1999). Due 
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to their small size and swimming mode of transport, little penguins have a 
restricted foraging range (inshore foragers, 15-30 km, Chapter 3) and do not 
disperse far from their breeding grounds (Norman & Dann 2006). Therefore, 
group hunting could also facilitate finding sparse and patchily distributed 
resources in the marine environment (Weimerskirch 2007) and, thus, increase 
foraging efficiency (Grand & Dill 1999) and ultimately chick-provisioning rates.  
In comparison, short-tailed shearwaters, with their dual foraging strategy, are 
able to exploit a large variety of water masses during the breeding period (Chapter 
5). They have a larger foraging range and can search for food from close neritic 
waters (short foraging trips) to the expanses of the Southern Ocean (long foraging 
trips). While, in addition to surface foraging, short-tailed shearwaters are able to 
perform repeated dives (Chapter 4) up to 70 m (Weimerskirch & Cherel 1998), 
they are more limited in their diving ability than little penguins. Nonetheless, they 
can target more profitable areas characterised by physical structures such as 
frontal zones or shelf slopes with enhanced primary productivity, where prey 
resources are found in higher densities (Granadeiro et al. 1998, Hyrenbach et al. 
2002, Terauds & Gales 2006), when performing long foraging trips.  
Both species were found to be flexible in their foraging effort and to adjust 
their activity budgets in response to environmental fluctuations (Chapters 3 and 5) 
that were though to affect prey density and distribution (Weimerskirch et al. 
2005a, Thayer & Sydeman 2007, Cury et al. 2011). During early chick-rearing, 
little penguins were able to increase the distances travelled from the breeding 
colony and therefore, increase their foraging range during years when resources 
were likely to be more dispersed (Chapter 3). They were also found to be able to 
modulate their diving effort (i.e. different time spent diving and dive depth were 
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observed among years) suggesting prey were distributed at lower depths and/or in 
lower density (Frederiksen et al. 2006). In contrast, during late chick-rearing 
when chicks can fast longer (Stahel et al. 1987), adults were less restricted and 
therefore more flexible, able to undertake multi-day foraging trips. 
Short-tailed shearwaters, which benefit from their dual foraging strategy to 
regulate investment between chick-provisioning and body condition maintenance, 
were found to show plasticity in their at-sea behaviour when performing short 
foraging trips (Chapter 4 and 5). Reproductive outcome and adult survival are 
closely associated to changes occurring in the feeding grounds and how adults can 
cope with these changes. However, while dramatically low reproductive success 
was recorded in 2013, individuals did not seem to increase their effort when 
conducting short foraging trips in neritic waters. But the results of this study 
suggest that, while covering greater distances and travelling further away from the 
colonies when performing long trips to the Southern Ocean, individuals might not 
only do so to maintain their body condition but might also buffer against local 
environmental stochasticity during years with poorer conditions.  
Foraging flexibility is a fundamental aspect of life history in coastal/pelagic 
marine predators living in highly variable environments. In long-lived species 
with low fecundity and high levels of parental investment, adults should invest 
less in years with unfavourable breeding conditions in order to maximise their 
own survival and increase chances of future reproduction attempt (Stearns 1992, 
Erikstad et al. 1998). However, the results of this study suggest that in some case 
(e.g. Gabo Island), little penguins increase their effort even if it leads to a 
reduction of their own body condition, in an attempt to maintain steady 
provisioning to chicks. Concurrently, body condition of individuals breeding at 
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London Bridge did not vary during the study period despite similar increases in 
foraging effort than the Gabo Island colony, suggesting in this case that adults 
could compensate for reductions in prey availability. However, increasing 
parental effort, in both cases, did not improve reproductive success during years 
of poor conditions, as shown previously in Adélie penguins (Pygoscelis adeliae) 
(Takahashi et al. 2003). Parental body mass before the foraging trip could explain 
why individuals working harder do not increase their breeding performance. 
Therefore, parental allocation of resources obtained during the foraging trip rather 
than the degree of foraging effort could be more important in determining 
reproductive success (Wendeln & Becker 1999, Takahashi et al. 2003).  
When facing nutritional stress, in particular early in the breeding season, some 
seabirds species could either abandon the breeding attempt or reduce their clutch 
size (Drent & Daan 1980). Not engaging in a reproduction attempt would 
represent the maximum clutch reduction to maintain body condition 
(Weimerskirch 1992, Chastel et al. 1995). The present study showed lower 
breeding participation of short-tailed shearwaters in 2014 (i.e. lower number of 
adults incubating in November 2013). It might have been caused by a dramatic 
increase in adult mortality in September 2013 (pers. obs.) when adults returned 
from their trans-equatorial migration, as previously reported by Serventy (1967) 
in south-eastern Australia. Despite less favourable conditions, short-tailed 
shearwaters are more likely to invest in breeding than abandon the breeding 
attempt prior to egg laying. This suggests that individuals of higher quality are 
able to breed more frequently than others without compensatory reduction in their 
current reproductive success or their chance of future survival (Bradley et al. 
2000b). 
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The present study investigated inter-annual variations in foraging parameters 
and reproductive output over a relatively short period (3 breeding seasons) for 
long-lived species. While variations in foraging and reproductive effort were 
observed, this time-scale may not be sufficient to identify and understand the 
medium- to long-term effects of environmental stochasticity on both species in the 
Bass Strait region. Therefore, using previously collected long-term data sets for 
both species at one of the study colonies (Duguesclin, unpublished data, Parks 
Victoria, DSE), changes in reproductive parameters that might be indicative of 
how individuals responded to long-term environmental variations were 
investigated below.  
 
6.3. Long-term responses to spatio-temporal environmental 
variations in life-history traits 
For little penguins, burrows were monitored approximately every fortnight 
during the breeding season from 1990-2003 (except in 2002 due to logistical 
constraints) at the London Bridge colony. The chronology of laying, hatching and 
fledging in each nest, as well as their respective success, was recorded. Pairs were 
considered to have laid a second clutch only if they successfully raised the first 
one (otherwise it was considered as a replacement clutch). Furthermore, chick 
mass at fledging was recorded between 1990 and 2007 (except in 2002, 2004 and 
2005 due to logistical constraints).  
For the short-tailed shearwater, chick mass at fledging (late April) was 
recorded from 1991-2014 (except in 2001 due to logistical constraints) at the 
Griffith Island colony. Sampling effort was constant between years with weighing 
and banding of fledging chicks occurring on a consistent date. To avoid traversing 
Discussion                                                                                                   Chapter 6 
 125 
unstable areas and potentially damaging burrows, observers only handled chicks 
located outside their burrows along the main pathway.  
In order to investigate the long-term responses of little penguin and short-tailed 
shearwater to local- or large-scale environmental variability, several candidate 
variables were considered. El Niño Southern Oscillation (ENSO) is a major large-
scale process driving global climate variation and is represented by the Southern 
Oscillation Index (SOI). Strongly negative values reflect El Niño events that have 
been shown to correlate with lower marine food resources (Barber & Chavez 
1983, Velarde et al. 2004). Many studies have shown that the ENSO (and 
therefore SOI) impacts survival and reproductive success of seabirds (Schreiber & 
Schreiber 1984, Frederiksen et al. 2004a, Sandvik et al. 2012, Surman et al. 
2012). Similarly, the Indian Ocean Dipole (IOD), a measure related to wind 
stress, sea-surface temperature (SST) and precipitation anomalies over the Indian 
Ocean (Saji et al. 1999), has also been shown to influence food availability, 
potentially inducing detrimental effects on seabird communities (Catry et al. 
2013).  
In addition, the strength of the Bonney Upwelling, the most important 
oceanographic feature along the western edge of Bass Strait which is known to 
strongly influence the productivity of the region (Nieblas et al. 2009, Hobday & 
Hartog 2014), was assessed from SST within a zone between 36° - 38.5°S along 
the south-eastern coast of mainland Australia (see Chapters 3 and 5) in the 
previous and concurrent austral summer (from January to March). Lastly, local 
wind speed (m·s-1), wind direction (º) and wave height (m) were used to 
characterize conditions experienced at sea during foraging periods (data were 
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extracted in the proximity of the breeding colonies (143ºE – 39ºS; see Chapter 3 
and 5).  
The reproductive success of little penguins breeding at the London Bridge 
colony varied greatly between 1990 and 2003 (average number of chicks per pair 
each breeding season: 0.89 ± 0.24). Several periods of lower breeding 
performance were identified (1992/93, 1993/94 and 2003/04) which also 
corresponded to lower average chick mass at fledging (Figure 6.1). 
 
Figure 6. 1. Chick mass at fledging of little penguin (Mean ± SD) recorded 
between 1990-2007 (no data available for 2002, 2004 and 2005). The number of 
chicks sampled each year is indicated above the x-axis. 
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A significant trend was observed between the average chick mass at fledging 
and ENSO conditions (F1, 13 = 5.03, p = 0.04; Figure 6.2). As suggested previously 
in Chapter 3, SOI values encountered during the breeding season could have 
influenced conditions affecting prey species distribution. La Niña events 
(sustained positive SOI values), characterised by cooler waters, are thought to 
increase prey resources available for seabirds through enhancement of local 
primary productivity (Boersma 1998, Spear et al. 2001, Soto et al. 2004). The 
results of the present study suggest that La Niña events could increase adult 
foraging success and, therefore, lead to increased chick mass at fledging and 
increased breeding success (Ainley et al. 1995).  
 
Figure 6. 2. Chick mass at fledging of little penguins (Mean ± SD) in relation 
to variations in SOI (Southern Oscillation Index). 
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Wind speed was negatively correlated with average chick mass at fledging (F1, 
13 = 6.81, p = 0.02, r
2 = 0.59) over the long-term study period, which is in 
accordance with the results of the previous study (Chapter 3). Weather patterns 
could have a strong impact on the reproductive success of seabirds by affecting 
terrestrial habitats directly exposed to extreme environmental disturbances (Dann 
& Chambers 2013). However, weather events such as storms could also affect 
sea-state conditions (e.g. swell, currents, surface conditions) such that the 
behavioural response of foraging penguins could be affected either by changes in 
prey availability or distribution (i.e. modification of prey behaviour under rough 
swell conditions) altering the individuals’ ability to find and/or capture prey 
(Finney et al. 1999). Alternatively, rough seas could lead to a decrease in foraging 
effort because birds have to spend more energy commuting (e.g. swimming 
against the current), both ultimately leading to a reduction of reproductive 
success. This observation is also in accordance with the findings of Chapter 3, 
which showed a reduction in foraging effort when wave height was increasing. 
Furthermore, no significant relationship was found between long-term average 
chick mass at fledging and large- and meso- scale parameters such as IOD or the 
strength of the Bonney Upwelling in the Austral summer preceding the breeding 
season.  
The onset of egg laying through the 13 seasons of this study varied across a 7-
month period from May to November. Surprisingly, there was no significant 
relationship between the proportion of pairs producing double clutches and the 
start of the breeding season (F1, 11 = 4.75, p= 0.05), which differs from results of 
Chapter 3 showing that attempting a second clutch seemed to be influenced by 
how early breeding commences each season. Higher reproductive success was 
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also found to correlate with a higher proportion of double clutching (F1, 11 = 4.97, 
p= 0.04; Figure 6.3). The earlier adults start to breed, the more chances they have 
to produce a second clutch and, thereby, elevate their reproductive output 
(Johannesen et al. 2003, Agnew et al. 2014). The chances of having additional 
clutches probably declines as the season progresses due to the impending moult 
period limiting the ability to raise chicks (Gales 1985, Johannesen et al. 2003). 
While the link between the timing of egg laying and the proportion of double 
clutching has been established for several little penguin breeding colonies (Reilly 
& Cullen 1981, Gales 1985, Perriman & Steen 2000), the proportion of double 
breeders was not related to the onset of egg laying at Lion Island, south-eastern 
Australia (Rogers et al. 1995). However, individuals that laid eggs earlier during 
the season were more likely to produce a second clutch. This suggests that other 
factors might influence the production of a second clutch, such as individual 
quality (Johannesen et al. 2003). 
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Figure 6. 3. Number of chicks produced per pair (Mean ± SD) in relation to 
the proportion of pairs producing double clutches within a breeding season. 
 
For short-tailed shearwaters at Griffith Island, the strength of the Bonney 
Upwelling during Austral summer was found to influence breeding performance. 
The results indicate lower fledging mass coincided with years when SST was 
highest (F1, 21= 9.46, p = 0.006, Figure 6.4) and, thus, when the strength of this 
regional-scale feature was the lowest. Similarly, in the short-term study of 
Chapter 5, low chick mass at fledging (433.3 ± 194.0 g) and breeding success 
(14.7%) were recorded in 2013 when local SST was highest. Lower breeding 
performances were also observed the same year for little penguins (Chapter 3), 
Australasian gannets (Morus serrator) (Angel et al. unpublished data) and 
Australian fur seals (Arctocephalus pusillus doriferus) (Arnould et al. unpublished 
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data) breeding throughout Bass Strait supporting the notion that a weaker Bonney 
Upwelling leads to reduced prey availability and foraging success for top order 
predators in Bass Strait and, ultimately, affecting their reproductive performance 
(Gibbens & Arnould 2009).  
 
Figure 6. 4. Chick mass at fledging of short-tailed shearwater (Mean ± SD) 
recorded in late April between 1991 and 2014 (except in 2001) (black dots). 
The numbers above the x-axis indicate how many chicks were sampled each year. 
The grey dotted line represents the sea-surface temperature (SST) of the Bonney 
Upwelling during the concurrent austral summer (Jan-Mar). 
 
At a larger scale, the El Niño Southern Oscillation did not correlate with lower 
chick fledging mass. Nonetheless, other factors might have influenced the 
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fluctuations observed in this long-term time series. Chapter 5 showed that during 
the periods of reduced local prey availability and, therefore, lower fledging 
success, foraging adults seemed to increase their range in the Southern Ocean, 
potentially buffering variability in local resource availability by exploring and 
exploiting Antarctic waters more extensively. Therefore, chick provisioning might 
be affected by local environmental conditions, while adult self-maintenance is 
influenced by conditions affecting the Southern Ocean.  
In order to forage and to provision their offspring effectively, little penguins 
and short-tailed shearwaters may have to either shift their foraging range or to 
adapt to forage upon new prey species in the future. However, behavioural, 
energetic or environmental constraints could make them vulnerable to major 
changes in their ecosystem, if they cannot cope quickly with changing food 
availability. The present study showed that short- and long-term environmental 
variations, at a local, regional or large-scale, had the potential to affect foraging 
decisions of both inshore and offshore foragers, ultimately impacting population 
life-history traits (e.g. timing of reproduction, size and number of clutches, 
number and body condition of fledglings). Through behavioural plasticity both 
species appeared able to maintain foraging success, adult condition and 
reproductive success in the face of varying prey availability, but the degree of 
plasticity differed greatly according to the strength/combination of environmental 
pressures individuals were experiencing. With their more restricted foraging 
range, little penguins are expected to be more limited in their ability to adapt their 
responses according to changes in the marine environment, thus making them 
more vulnerable to future climate change.  
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6.4. Perspectives and future research directions 
The present study emphasises the importance of behavioural plasticity in both 
space and time, and suggests that it is a fundamental life history trait of seabirds 
living in a highly variable marine environment. However, it also highlights that 
under certain circumstances, these individual strategies are not sufficient to cope 
with environmental variability.  
The south-eastern Australian oceanic region has been identified as one of the 
fastest warming marine areas in the world (Hill et al. 2008, Hobday & Pecl 2013), 
and significant oceanographic changes have already been detected (e.g. more 
southerly intrusion of the Eastern Australian Current transporting warmer water 
further south). The region is likely to experience substantial alterations to the local 
oceanography and species distributions in response to anticipated climate change 
(Ridgway & Hill 2009, Brown et al. 2010). Furthermore, extreme storm events 
are predicted to increase (Poloczanska et al. 2007). Such changes are likely to 
influence the distribution of seabird prey species within the region. Fish prey 
species are expected to shift their distribution further south to escape the warming 
waters (Hobday & Lough 2011, Johnson et al. 2011) which, as a result, has the 
potential to alter local availability of pilchards or other prey species within Bass 
Strait (Hughes 2003). Furthermore, the increase in frequency of large-scale 
climatic events such as ENSO will likely affect seabird prey resource, potentially 
causing changes in their population dynamics (Dunlop 2001).  
In this general context, information on adult survival after events of low prey 
availability is needed to evaluate other effects that might not have yet been 
quantified. This is particularly important in the case of the short-tailed shearwater, 
a trans-equatorial migrant, travelling to the Northern Hemisphere during the non-
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breeding season (Serventy 1967) and subject to increase environmental pressures, 
where thousands of individuals (adults and juveniles) die annually (Oka et al. 
1987). For instance, establishing links between poor chick growth and juvenile 
mortality could highlight potential future impacts on population dynamics.  
In the light of climate change, close monitoring of trends (e.g. foraging 
behaviour, reproductive performances) in both species is, therefore, necessary to 
better understand how they will respond to long-term environmental variations. 
Detailed investigations over several years and/or sites are needed because species-
specific responses to environmental variations are complex and can differ 
regionally. Because of confounding factors such as fisheries, spatial heterogeneity 
of climate change or intra-specific variability (juveniles, immatures, adults) in at-
sea distribution, studying behavioural plasticity requires an integrated, eco-
physiological approach of the species concerned.  
Future studies combining demographic, behavioural, trophic and physiological 
data will be necessary to assess the life history trait responses of seabirds to 
environmental and climate variations and to improve our ability to implement 
effective conservation actions. Furthermore, limited information is currently 
available on prey distribution and biology, yet this knowledge is crucial to 
understand to what extent seabirds can alter their diet and/or adapt their life-cycle 
to prey availability (Grémillet & Boulinier 2009). An improved knowledge base is 
necessary to predict potential effects of future climate change and determine 
seabirds’ adaptive capacity to such changes. 
The present study focused on the breeding period and on the at sea-component 
of the life-histories of two sympatric seabird species. Yet, further information is 
needed in order to understand which phases of their life cycles are more likely to 
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be affected by environmental variability and which are the principal drivers of 
change in these two species, and the relative role of natural variability and climate 
change compared to anthropogenic influences. 
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